August 1956 


CIATI 


(See page 84) 


Incinerator Gases -- Spectrum 


AIR REPAIR 


7 
| 
te 


WHEELABRATOR*’ cloth tube collectors 


assure a clec 


Here’s the solution to air po 
tion: Wheelabrator cloth - 
dust collectors. Wheelabrator 
developed cloth filtration to 
highest efficiency, and cou 
with it simplicity in design 

construction for dependable, | 
cost operation and minim 


The cloth tubes form a fra 
work on which the contaminat 
material itself forms a filter 

or cake, giving collection effic 


330 S. Byrkit St., 


cies approaching 100%. A direct 
shaking mechanism drops the col- 
lected dust directly into hoppers 
from which it is removed. Never 
under tension, even during shak- 
ing, the tubes have long life, re- 
taining their collection efficiency 
at all times. Installed or removed 
individually from the clean air 
side, the tubes are readily accessi- 
ble for inspection. 


Development of special synthetic 
fabrics has extended the benefits 


stack at all times 


of Wheelabrator cloth-tube effi- 
ciency to operations where hot 
and/or corrosive gases must be 
ventilated. 


Available in a complete range of 
standard models, assembled and 
knock-down, Wheelabrator col- 
lectors are efficient for handling 
air at 250 cfm up to hundreds of 
thousands cfm. Special models 
are readily designed for special 
applications. For more informa- 
tion, write today for Catalog 372. 


for dust and fume control at peak efficiency 


awaka, Indiana 
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AAF takes the “heat” off heat treating | 


HETHER salt bath furnaces are main- 


AAF’s quarter-century of dust control exper- 


tained at 350°F. or 2400°F., the real 
“hot” problem connected with this operation is 


ience has brought similar advantages to every 
industry, has effectively controlled every type of 


damage to roofs and automobile finishes. Result: dust. This experience—plus the world’s most | 
. employee and community complaints, and costly complete line of dust control equipment—is at 

z plant maintenance. your disposal when you call on AAF. Phone your \ 
; This “heat” is quickly taken off when AAF _local AAF representative or write direct. | 
Dust Control equipment is assigned the corrective ROTO-CLONE AMERc AMER} 


job. Employee morale rises, community relations 


are improved, and maintenance costs tumble. Bevis 


Iinois 
Heating Specialties 


Ai Litter —— BETTER AIR IS OUR BUSINESS —— 


COMPANY, INC. 
256 Central Avenue, Louisville 8, See, 
American Air Filter of Canada, Ltd., Montreal, P. Q. 


Air Filters and 
Precipitators 


AAF Dust Control 
Equipment 


Herman Nelson 
Industrial Heaters 
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the M-S-A SMOKESCOPE* 


@ Precision built, optically accurate instru- 
ment designed for estimating the density 
of smoke in stack effluent. 


Because limitations imposed by smoke 
control laws are generally based on an 
established maximum permissible smoke 
density in stack effluent, a reliable method 
of estimation is essential to proper com- 
pliance. The M-S-A Smokescope was 
designed to fill this need. 

In the Smokescope, a reference standard 
film disc receives light from the same 
source as does the smoke. This minimizes 
background differences because they affect 
the smoke and reference disc equally. 
Ambient light plays no part in the obser- 
vation. A lens, which projects disc image 
to a focal distance equivalent to that of 
smoke, permits comparison without chang- 
ing eye focus. 


@ How it works—Smoke picture 
fills field of vision through aper- 
tures C, D, and G. Light from 
area adjacent to stack is transmit- 
ted through reference disc, H, in 
barrel, B, to surface of mirror, E. 
Image of reference disc projects 
through lens, F, to image mirror 
where it is compared with smoke 
seen through apertures. Center 
of reference disc is blocked by 
opaque disc, I. 


Write for complete details. 


SAFETY EQUIPMENT HEADQUARTERS 


Call the 


*As described in the U.S. Bureau of Mines Report of Investigation, R.I. 5162 


MINE SAFETY APPLIANCES COMPANY 
201 North Braddock Avenue, Pittsburgh 8, Pa. 
At Your Service: 76 Branch Offices in the United States 


MINE SAFETY APPLIANCES CO. OF CANADA, LTD. 


Toronto, Montreal, Calgary, Edmonton, Winnipeg, Vancouver 


Sydney, N.S. ¢ Representatives in Principal Cities 
in Mexico, Central and South America 


Cable Address: “MINSAF” Pittsburgh 
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Whether your problem is removing dirt, dust, soot or 


fly ash, cleaning gas for re-use or air for recirculation, 


reclaiming valuable materials—Koppers Engineers can 


make unbiased recommendations for you. Why? Because 


Koppers makes all three basic types of industrial gas 


cleaning equipment. 


There’s a Koppers unit to solve your 
air pollution problem. It doesn’t make 
any difference how small or how big 
your plant is. The type of industry in 
which you’re engaged poses no diffi- 
culty. The amount of your industrially 
entrained material, and its particle 
size, present no obstacles. 


Why? Because there are three basic 
types of industrial gas cleaning equip- 
ment which...among them... 
solve industrial air pollution problems. 
And Koppers makes the three basic 
types! But Koppers goes way beyond 
merely providing equipment. Koppers 
engineers study and analyze your in- 
dividual air pollution problem. They 
consider the gas and dust volume, 
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KOPPERS 
Makes Everything 


particle size and type of your indus- 
trially entrained material. 

Then, because Koppers makes a 
complete line of equipment, our engi- 
neers can recommend whatever equip- 
ment best suits your needs. Koppers 
engineers wear no “blinders” . . . are 
not limited in their recommendations. 
Our complete engineering service, 
combined with a complete line of 
equipment, is your best assurance of 
a practical, efficient solution to your 
air pollution problem . . . whatever 
it is. 

For more information, write to 
Koprers Company, Inc., Industrial 
Gas Cleaning Dept., 5608 Scott Street, 
Baltimore 3, Maryland. 


INDUSTRIAL GAS 
CLEANING EQUIPMENT 


Koppers Company, Inc., Metal Products Division 
Industrial Gas Cleaning Department 


Engineered Products Sold with Service 
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You Need 
Solve Industrial Gas 


Whatever you need, 
Koppers makes it! 


Koppers_ Electro- 
static Precipitator. 
Custom-designed 
i to eliminate ‘stack 
nuisance”’.. . remove 
fly ash, acid mist, 
soot ... recover high 
value materials .. . clean and pur- 
ify for re-use. 


Koppers New Cy- 
clonic Type Dust |x 
Collector. Produced 
after years of inten- 
sive study and exper- 
ience, Koppers Me- 
chanical Dust Col- 
lector provides maximum efficien- 
cy in mechanical dust removal. 


Koppers Aeroturn 
» Dust Collectors. 

Automatic pressure 
control and reverse- 
air-jet action provide 
high, continuous fil- 
tering. Aero- 
turn cleans air . . . reclai 


ims valu- 
able materials. Felt-type filters 
are more efficient and longer- 
lasting than other filters, 
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Test of “Fiberfrax” Ceramic Fibers for High 


Temperature Gas Filtration* ' 


MELVIN W. FIRST 
Consulting Engineer 


Newton Center, Mass. 


J. BARRIE GRAHAM and ROY P. WARREN 


Buffalo Forge Co., Buffalo, N. Y. 


GURDON M. BUTLER and CLAIRE B. WALWORTH 


“his study was initiated to develop a 
cor mercially available system for remov- 
ing solid radioactive components from 
hot exhaust gases discharged from a 
tes ng facility. Removal of par- 
tic: ‘ate material from very hot gases 
(i. , >1000°F) has considerable import- 
an:> for the recovery of valuable pro- 
du. ts (as in the metallurgical industries) 
an. for the economic control of air 
po!.ution. 

Jevelopment of Fiberfrax, a fibrous 
material capable of withstanding tem- 
peratures up to 2000°F for prolonged 
pe:iods, presented an opportunity for 
investigating some of the practical and 
theoretical factors involved in the filtra- 
tion of small particulate materials from 
gases at temperatures above 1000°F. 
Fiberfrax ceramic fiber, Fig. 1, is a white 
fibrous material similar in appearance 
to spun glass. Chemically, it consists of 
approximately equal parts of alumina 
and silica plus small percentages of boric 
oxide, zirconia or other fluxes. It is pro- 
duced by processes similar to those used 
for mineral wool or staple glass fibers, 
except that its melting point (3300°) 
is so high that the heat of an electric arc 
furnace is required. The molten mix is 
formed into fibers by blowing with 
steam or air, or by spinning from mech- 
anical rotors. The loose masses of fiber 
can be cleaned and converted into vari- 
ous forms such as paper, insulating 
blocks, blankets and woven fabrics. Re- 
sistence to high temperatures is unex- 
celled by any fiber with the possible ex- 
ception of pure silica. It can withstand 
short exposure to temperatures of 2300°F 
and prolonged exposure to at least 
2000°F. It shows no tendency to melt 
or sinter even at 2500°F, but gradually 
changes from an amorphous glassy struc- 
ture to crystalline during exposure to 


t Reprinted from Industrial and Engineering 
Chemistry 48, 696-702 (April 1956). 

* Presented at the 48th Annual Meeting of 

the Air Pollution Control Association held 

at Detroit, Mich., May, 1955. 
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temperatures over 2000°F. This is a time- 
temperature effect, proceeding faster at 
higher temperatures. The effect of de- 
vitrification, or crystallization, is to make 
the fibers more brittle, but in the tem- 
perature range below 1500°F fibers are 
substantially unaffected even by very 
long exposure. 

Fiberfrax ceramic fiber is slightly 


more resistant to corrosion by acids and 
alkalies than ordinary glass fibers. 


Fig. 1. Filter before use 
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Carborundum Co., Niagara Falls, N. Y. 


Strength and resistance to vibration are 
the same or perhaps slightly less than 
those of glass fibers. The presence of 
shot in the material as formed often 
requires a cleaning operation for re- 
moval. 


Effect of Elevated Temperatures on 
Filter Performance 


For viscous flow conditions the pres- 
sure gradient (P/L) through fiber beds 
of high porosity takes the following 
general form, adapted from Sullivan”: 


P KVu x (1 — e}* 
L gd‘p 
where the ratio (1 — e)’/e* is the Kozeny 


voids-correction factor. 


ressure loss, ft. of fluid flowing 
bed depth, ft. 

superficial filtration velocity, ft./sec. 
fiber diam., ft. 

a constant whose value is dependent 
on fiber orientation 

gravitational constant, ft./sec.” 

air viscosity, lb./sec. ft. 

density, lb./ft.* 

e == fraction voids 


Considering only the effects of tempera- 
ture on a given filter the value of K, L, 
g, d, V and the porosity factor are un- 
affected and resistance is proportional 
to the ratio »/P, (kinematic viscosity); 
which varies with temperature in ac- 
cordance with the relationship shown 
in Fig. 2, Curve A. For equal gas velo- 
cities, filter resistance may be expected 
to rise with increase in temperature of 
the gases. In the units commonly used 
to express filter resistance (height of 
equivalent column of water) the gas 
density term, p, factors out and resistance 
is proportional to absolute viscosity, p. 
On the basis of equal weights of gas, 
velocity is proportional to absolute tem- 
perature and resistance will be propor- 
tional to the product of superficial gas 
velocity and kinematic viscosity. The 
change in value of the product V (y/P) 


® Sullivan, R. R., J. App. Phys., 12, 503 
(1941). 
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with rise in temperature (vol. of gas at 
70°F = unity) is shown in Fig. 2, 


Curve B. It may be noted that filter’ 


resistance increases at an especially rapid 
rate for temperatures above 500°F. Flow 
conditions in all experiments conducted 
during this study were within the viscous 
range for which Equation 1 was believed 
to be accurate. 


Collection of Particles 


Collection of particles is accomplished 
by several mechanisms depending on 
size and character. Particles greater than 
about 1 » in size are captured principally 
by impaction while smaller particles 
(i.e., smaller than 0.5 m) are separated 
most effectively by diffusional and 
electrostatic forces. It was anticipated 
that electrostatic forces were not likely 
to be an important factor at tempera- 
tures above 1000°F and since the test 
dust used in the experimental study con- 
tained a negligible weight fraction below 
0.5 m in size, the principal interest was 
in the effect of high temperatures on the 
operation of the inertial mechanism. 


Sell and Albrecht (reported by John- 
stone and Roberts) ‘®) have shown impac- 
tion efficiency to be a function of the 
dimensionless group 


kd 
Where 
m == mass of aerosol particle 
D = diameter of aerosol particle 


== density of particles 
4 = Stokes’ law resistance coefficient 
(k == 3auD for spheres) and other 
symbols are as noted above. 
Although solid particles are rarely 
spherical in practice, (the value of k in 
the above equation may require some 
modification in these cases) the viscosity 
factor is likely to remain unchanged so 
long as particles are moving in the 
viscous flow range. Therefore impaction 
efficiency (E) of small fibers for small 
particles is inversely proportional to 


® Johnstone, H. F. and Roberts, M. H., Ind. 
Eng. Chem. 41, 2417 (1949). 


some function of the absolute viscosity 
‘of the gas (all other factors being con- 
stant) and decreases as the temperature 
of the gas rises. For constant gas mass 
velocity, impaction efficiency is propor- 
tional to some function of the ratio V/p. 
The exact relationship between impac- 
tion efficiency of a cylindrical body— 
e.g., a fiber—and the dimensionless 
group for spherical particles has been 
determined by a number of investigators. 
Using the curves of Langmuir and 
Blodgett (reproduced by Lapple“® and 
reported by him to be reliable) the effect 
on impaction efficiency of a temperature 
rise from 70° to 1500°F may be esti- 
mated. As the curve has many changes 
in slope, the effects of a rise in tempera- 
ture are not uniform over the entire 
range. For example, for 1 p spherical 
particles of specific gravity 6.4, filter 
fiber diam. of 20 », and an air flow rate 
of 350 ft./min. (typical values for this 
study), impaction efficiency decreases 
from 68 to 50% when temperature rises 
from 70° to 1500°F and gas flow rate 
remains constant—i.e., 350 ft./min. at 
both temperatures. If the gas mass rate 
of flow remains constant, but otherwise 
conditions are the same as noted above, 
target efficiency increases from 68% at 
70°F to 80% at 1500°F. A similar cal- 
culation for particles 10 » in diam. shows 
target efficiencies > 99% at both tem- 
peratures for constant gas volume and 
constant gas mass rate conditions. 


Experimental Equipment 

Special care was required in the selec- 
tion of materials of construction for the 
test equipment because tests were to be 
conducted at temperatures up to 1500°F. 
Fig. 3 shows a schematic diagram of the 
assembled apparatus. 

Room air was blown through the elec- 
tric air-heating furnace and to the test 
duct with a blower. Arrangements were 
made at the fan inlet to filter the test 
air stream and to regulate air volume by 
means of a damper. 

The air heater was in the form of a 
steel-clad, fire-brick-lined box approxi- 
mately 3 ft. wide, 5 ft. long and 3 ft. 


Fig. 3. 
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Fig. 2. 


high containing 28 1-in. diam. Globar 
silicon carbide heating elements and 14 
vertical baffles so that the air trave'ed 
a total linear path of 28 ft. in passing 
through the heating chamber. With a 
power input of 70 kw. it was possile 
to continuously heat 175 cfm. of room 
air (entering at approximately 70-100° #) 
to a temperature of 1500°F. 


Production of high air temperatures 
by combustion of gases such as oxygen 
and acetylene in the test duct was con- 
sidered to be somewhat easier and con: 
siderably cheaper, but electric heating 
was preferred because of ease of tem: 
perature control and complete absence 
of smoke and soot. 


The test duct was 6 in. square on the 
inside and was constructed of 12 gage 
# 310-stainless steel. This material was 
selected because of its excellent heat re- 
sistance. For dimensional stability the 
13 ft. long tunnel was reinforced with 
2x2xl4, in. 4310-stainless steel angles 
welded the entire length along 2 sides. 
The test duct was constructed in 3 sec 
tions (7, 4 and 2 ft. long) with provi- 
sions for mounting a filter between the 
2 largest sections and a flow meter be- 
tween the 2 smallest pieces. Both ends of 
each section were flanged with 2x2x!/, 
in. angles suitably drilled for bolting. 
When assembled, a short transition piece 
connected the furnace and 7 ft. section 
of duct. At the furnace end there was 
an opening for introducing the test dust. 
Three ft. downstream there was a cen- 
trally located stop’? which served to 
thoroughly mix dust and air and pro- 
duced a uniform duct velocity and dust 
concentration profile at the sampling 
station. 


On the downstream end of the 7 ft. 
duct were pressure and thermocouple 
taps‘and an opening for admitting the 
upstream sampling probe. The upstream 
end of the 4 ft. section contained a pres- 


* Anonymous. (Stairmand, C. J.) Eng. 
(London) 152, 141 (1941). 
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Fig. 4. 


sure tap and opening for introducing the 
dow istream sampling probe while the 
opp site end contained thermocouple 
and orifice meter pressure taps. The 
sma est section contained only a single 
orif -e meter pressure tap at the up- 
stre.m end. The entire test duct and 
filtc- frame were enclosed in a 3 in. 
thi. insulating blanket composed of 
Fib. -frax brick plus metal foil. Fig. 4 
sho: ’s the insulated test duct with filter 
ren »ved. Air heater, flow meters, samp- 
lin: probes, etc., are also shown in the 
phe-o. 

}:lter frames were constructed of 18 
gag #¢310-stainless steel and were 7 in. 
squire in cross section. There was a 
1/4, ‘n. lip on each end so that the actual 
opening was 6 x 6 in. (to match the in- 
sid. dimensions of the test duct). Filter 
fraznes were 8 in. deep but provision 
wa; made to accommodate filter depths 
from 1 to 8 in. Stainless steel screening 
(/, in. mesh) was used on front and 
back surfaces of the filter. 

Dust feeding mechanism for produc- 
ing a steady flow of a well dispersed, 
non-agglomerated dry powder to the 
test duct consisted of a vibratory feeder 
which dropped a ribbon of dust onto a 
rotating turntable. A  flow-regulating 
scraper allowed material to pass at a uni- 
form rate, while the excess dropped to 


Fig. 6. 


a bin below. The uniform ribbon of dust 
passing the scraper was raised in a pipe 
by induced air from an aspirator sup- 
plied with primary air at a pressure of 
10-25 Ib. gage. The apparatus is shown 
in Fig. 5, including vibrator control box. 
A more detailed description of the ap- 
paratus is given in a previous publica- 
tion.“ 


For filter testing, dust loadings in the 
order of 1 gr./1000 ft. were desired. 
Since steady concentrations of this low 
value were not easily obtained with the 
above apparatus, a dust dispersion and 
dilution chamber (a 4 ft. length of 15 
in. diameter pipe containing a centrally 
located baffle about 3 ft. from the en- 
try) was added to further dilute the 
aerosol and to settle out dust agglomer- 
ates which resisted the disruptive action 
of the first jet. At the extreme down- 
stream end of the dilution chamber a 
small aliquot of the dispersion was picked 
up by a second aspirator and blown into 
the test duct (while the excess was 
blown to the out-of-doors by a small 
blower). Dust concentrations in the test 
duct were controlled by adjusting (1) 
the amount of dust picked up from the 
turntable and (2) the size of the fraction 
removed from the dust chamber. 


It was found that air entering the test 
duct through the final dust aspirator pro- 
duced a serious cooling effect upon the 
hot gases leaving the furnace. To remedy 
this, the compressed air supply (primary 
jet air) was warmed by passing it 
through a flat, stainless steel tube-coil 
placed directly in contact with the hot 
metal surfaces of the transition piece on 
the exit side of the furnace. This device 
may be seen in place in Fig. 4. 

Flow metering of air in the test duct 
was accomplished with the aid of a 1 in. 
diameter sharp-edged, centrally located 
orifice bolted between the flanges of 2 
sections of test duct and calibrated in 


* Allen. G. L., Viets, F. H. and McCabe, L. 
C., U.S. Bur. of Mines Inform. Circ. 7627, 
April 1952. 


* See footnote 2, page 62. 


* First, M. W., Silverman, L., et al. Report 
No. NYO-1581, Harvard Univ. 1952. 


63 


Fig. 7 Probe pad down stream Mag. x 54 


place with the aid of a standard Pitot- 
static tube. Flow was corrected for tem- 
perature with the aid of a Chromel- 
Alumel thermocouple placed just up- 
stream of the orifice plate. A similar 
thermocouple was placed just ahead of 
the test filter to measure the tempera- 
ture of the air at this point also. 


Up-and-downstream air samples were 
withdrawn simultaneously through stain- 
less steel probes shown in Fig. 6. Dust 
samples were collected isokinetically on 
filters held in the tip of the probe and 
faced upstream. To withstand the heat, 
filters were cut from special Fiberfrax 
paper. This paper was approximately 
0.040 in. thick and was composed largely 
of fibers less than 1 uw in diameter. It has 
an efficiency of 99.9+-% for 0.3 » DOP 
smoke. 


The paper was somewhat fragile and 
had to be handled carefully. When 
placed in the sample probe it was backed 
with a 200 mesh stainless steel screen 
for support and enclosed in a stainless 
steel slip ring to prevent twisting and 
tearing of the filter when the tip and 
probe were screwed tightly together to 
form an air-tight edge seal. The test dust 
used in the efficiency studies was dark 
brown in color, consequently any edge 
leakage or penetration through the filter 
was immediately evident. In no instance 
was penetration through or around a 
sample filter noted. Fig. 7 is a section 
through one of the sampling filters and 
shows little dust penetration. Provision 
was also made to use a plug of random 
packed fibers in a recess in the head of 
the probe, but the paper discs proved so 
much simpler to use that other methods 
were not utilized to any great extent. 


The sample filters placed in the tip of 
the probe were 11/16 in. in diam. and 
weighed approximately 60 mg. when 
new. Filters were weighed cold before 
and after sampling along with a number 
of blanks to control small daily variations 
in the amount of adsorbed moisture. This 
correction rarely exceeded a few tenths 
of a milligram. A significant weight loss 
occurred on exposure to high tempera- 
tures, attributed to loss of a small percent 
of a volatile binder used in manufactur- 
ing the paper. Weight loss after exposure 
to high temperature was found to average 
1.6 mg. for filters whose original weight 
was between 50 and 60 mg. The weight 
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Fig. 8. Fiberfrax 


increase of the sample filter (after suit- 
able corrections) plus sample flow rate 
and time of the test permitted calcula- 
tion of dust loading up and down stream 
of the test filter and filtration efficiency. 

A stainless steel Venturi meter was 
welded onto each sampling probe about 
12 in. back from a 90° elbow and seam- 
less copper tubing, brazed to the down- 
stream end of the Venturi meter, com- 
pleted the run to a compressed air aspir- 
ator. The pressure leads from the Ven- 
turi meter were seamless copper tubing 
brazed to stainless steel meter taps. In 
order to obtain flexibility required to 
insert or remove sampling probes, the 
copper pressure leads and probe exten- 
sion were provided with gas-tight coup- 
lings which could be connected or dis- 
connected with a few turns of a wrench. 

Thermocouple taps were provided just 
upstream of the flow meters so that 
readings could be corrected for gas tem- 
perature. It was noted that in passing 
through the 12 or so inches of 1/4 in. 
diam. seamless stainless steel tubing ex- 
posed to the ambient air that the 1400° 
gases were cooled to less than 150°F. 
Had this rapid cooling of the sampled 
* gases been anticipated, somewhat simpler 
arrangements for connecting the probe 
and meter to a source of suction and a 
liquid manometer might have been 
utilized. 

Samples for determination of particle 
size distribution were taken up and down 
stream of the test filter with the aid of 
membrane filters”) and analyzed micro- 
scopically. Size analyses of test dusts 
scraped off the surface of the high tem- 
perature sample filters were in fair agree- 
ment with the low temperature mem- 
brane filter samples. However, the latter 
were considered more accurate because 
there was no agglomeration during samp- 
ling nor shattering during the prepara- 
tion of the microscope mount. 

Filter resistance of each test filter was 
noted at a number of air flow rates 
under hot and cold conditions. 


* First, M. W. and Silverman, L. AMA Arch. 
Ind. Hyg. & Occ. Med. 7, 1 (1953). 
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Fig. 9. One division — 
cupric oxide mag. X100 

Test filters were prepared from 3 dif- 
ferent fiber sizes. Size and size distribu- 
tion data for each fiber are indicated in 
Table I and photomicrographs of the 
fibers are shown in Fig. 8. Weight per- 
centage of shot in each of the experi- 
mental fibers was approximately 65%. 
Considerable improvement in proportion 
of fibers to shot would be possible in 
quantity production of similar fibers. It 
is believed that the presence of shot did 
not seriously affect the conduct of the 
tests or the results. Filter packing den- 
sity was calculated on the basis of the 
weight of effective fibers rather than 
total weight of fibers plus shot. 

Studies carried out to determine the 
smallest size test filter which will indi- 
cate the performance of full scale filters 
have shown‘ that as the filter becomes 
smaller in cross-section (and the peri- 
meter to area ratio larger) the influence 
of discontinuities in bed porosity be- 
comes very great and turbulent or tran- 
sition type flow occurs through the 
edges of the bed. A comparison of re- 
sistance measurements of 6 x 6 in. test 
filters with those 12 x 12 and 20 x 20 
in. showed no significant differences, 
while a marked variation was observed 
in filters smaller than 6 x 6 in. face area. 
Therefore, it was concluded that a 6 x 6 
in. test chamber would be the minimum 
size suitable for measuring the resistance 
of deep bed fiber filters. The filter 
frames used in this study were 7 x 7 in. 
in cross-section but had an open face 
area of only 6 x 6 due to the presence of 
a half inch lip around the perimeter of 
each end of the box. 


Because of the possibility of a separa- 
tion between medium and frame, due to 


* First, M. W., Silverman, L. et. al. 
Report No. NYO 1591, Harvard Univ. 


1954. 


TABLE I 
Size of Filter Fibers 
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Fig. 10. 


differential expansion of the ceramic and 
metal during the heating process, it was 
routine practice during this investiga tion 
to line the inner surfaces of the filter 
holder with a thin layer of small dia 
meter fibers to serve as a gasket or «eal. 
This practice produced consistent re<ults 
during testing and more nearly rere’ 
sented full-scale filter perform: nce 
wherein minor discontinuities at the fil 
ter frame wall become a much smaller 
factor in overall performance (beciiuse 
of the small size of the perimeter com 
pared to the filter cross-section). 

In addition to measuring resistance 
and dust removal efficiency, studies were 
conducted to evaluate service life under 
conditions of vibration and cyclic heat 
ing and cooling, and the dust retention 
ability of dust-loaded fibers was also de- 
termined. 


The test dust used in all efficiency 
experiments was Baker’s technical grade 
black copper oxide (CuO) having a true 
specific gravity of 6.4. This material 
presented an irregular appearance under 
the microscope (Fig. 9) and showed a 
wide range of particle sizes. Fig. 10, 
Curve A, shows the size distribution of 
the bulk material. Fig. 10, Curve B, is 
the size distribution of the dust cloud 
actually blown into the test duct and 
indicates that considerable portions of 
the heavy fractions were removed by 
impingement on the baffle and by sett: 
ling in the 15 in. diam. dilution chamber 
noted in Fig. 4. The dust cloud entering 
the filter had a mass median diameter of 
8.5 yw. Sixty-nine percent by weight of 


Fiber Mean diam. yu Maximum diam. yu Minimum diam yu 
Fine 40 2 
Medium 8 40 4 
Coarse 20 80 
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the suspension was greater than 5y in 
size and 97.5% was greater than 1 yp, 
indicating that this was a typical indus- 
trial dust in size and within the range of 
commonly encountered specific gravity. 


Conduct of all tests was as follows: A 
test filter was prepared by weighing out 
the required quantity of fibers and hand 
packing the frames with special attention 
to the corners and edges. Gaskets of 
Fibe:frax paper ‘were cemented with 
watcr glass to each face of the frame and 
then bolted, air tight, between the 
flan es of the test duct. Next, the main 
air -upply blower was started and the 
duct and filter brought up to the test 
tem) erature with hot air passed through 
the urnace. After all equipment was up 
to t-mperature and air flow adjusted, 
the lust feeder was started. Next, sam- 
ple probes were inserted and the test 
star ed. Temperatures, flow rate and 
filt« resistance were noted at 10 min. 
inte-vals throughout the test period. In 
mos’ cases, 2 or more upstream dust 
san: les were obtained in succession dur- 
ing the interval required to obtain a sig- 
nif: ant weight increase on the down- 
strc:m sample filter (a period of 1 to 2 
hr.}. Filter efficiency was based on the 
aveiage dust loading of all upstream 
sam. ples. 


Results 

Filter tests were conducted at a num- 
ber of flow rates, at elevated and room 
temperature. All test data are summar- 


ized in Table II which lists (a) fiber 
size, (b) filter depth, (c) packing den- 
sity, (d) filtration velocity, (e) air tem- 
perature, (f) dust loading, (g) clean 
filter resistance and (h) dust removal 
efficiency pertinent to each test. Dust 
loadings ranged from approximately 10 
to 40 gr./1000 SCF of air. (This is ap- 
proximately 31/, times the dust loading 
at 1400°F.) 

For ease in appraising the experimen- 
tal results, data shown in Table II have 
been rearranged into Table III-VII to 
clarify the effect of selected variables. 

Effect of filter depth on filtering effi- 
ciency is shown in Table III for the lar- 
gest size of fibers at filtration velocities 
of 400 and 700 fpm. At both flow rates, 
filtration efficiency increased rapidly 
when filter depth was increased from 
11/, to 4 in., but successive increments 
produced less and less improvement. 
This is probably due to 2 factors: (1) 
difficulty in achieving good coverage at 
the edges and in the corners of the filter 
frame with thin layers of media, (this is 
especially difficult when working with 
large diameter fibers because of the rela- 
tively few numbers of fibers actually 
present to fill the voids) and (2) the 
dust removal by successive increments 
of filter media is quite different when 
dealing with an aerosol containing a dust 
of uniform size and when the aerosol 
contains a wide diversity of sizes. In the 
former case, each equal increment of 


TABLE II 
Filter Efficiency and Resistance 
Fiber Filter Gas Gas Filter Dust Wt. 
Diam. Depth Packing | Velocity| Temp.| Resist. Loading Efficiency 
In. Density” fpm. °F | in. w. g.| gr./1000 ft.’ 
20 1.5 2 350 1400 0.5 36.5 79 
20 L.5 2 700 1400 1.3 22.4 71 
21.4 70 
20 4 2 400 1400 0.8 29.4 86 
20 4 2 700 1400 1.4 16.3 82 
20 4 3 400 70 1.2 9.2 85 
20 4 3 400 1400 17 20.3 83 
16.0 80 
20 6 2 350 1400 1.8 20.8 88 
22.1 89 
27.5 92 
20 8 2 400 1400 1.4 35.1 87 
20 8 2 700 . 1400 2.8 14.4 84 
8 1.5 3 110 70 0.6 43.2 99 
8 is 3 350 70 1.7 30.1 99 
26.0 99 
8 1.5 3 400 1000 2.2 33.9 94 
8 Be 3 700 1400 a 16.4 84 
22.8 83 
4+ 1 F 110 70 0.5 37.4 99 
4 1 2 350 70 2.4 36.8 98 
8.9 98 
4 1 2 700 1500 7 6.6 85 
4 1 2 400 1400 2.3 34.3 91 
Composite™ : 3 400 70 5.1 13.1 99+ 
Composite” 3 400 1400 33: 10.3 99+ 
10.8 99+ 


TABLE III 
Effect of Filter th on Filtration Efficiency 
(20 u fibers at 1400°F) 
Filter depth | Efficiency—% by weight 
n. 400 fpm. 700 fpm. 
1.5 79 71 
4 86 82 
6 90 
8 87 84 


of APCA 


) Shot content: 65% by wt. Packing density of fibers only 35% of values shown. 
© Composite filter contained 5 in. of 20 y fibers, 1 in. of 8 , fibers and % in. 


of 4 y fibers. 
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filter material removes the same percent- 
age of dust reaching it. In the latter case, 
particles possessing sizes for which the 
filter has high efficiency are generally 
almost completely removed in the very 
first sections, whereas particles which 
are of a size to escape capture in the first 
layer tend to penetrate all successive 
layers with little diminution. Therefore, 
the rate of dust removal tends to de- 
crease rapidly with successive additions 
to the filter when dealing with poly- 
dispersed dusts and deep-bed, high poro- 
sity filters. It may be noted from Table 
III that a 4 in. deep filter composed of 
the largest diameter fibers gives results 
very nearly as good as does an 8 in. 
depth (while a 11/ in. depth of. filter is 
much inferior). Similar patterns of dust 
removal have been noted elsewhere.‘ 


The dust removal efficiency of the 6 
in. deep filter at a flow rate of 400 fpm. 
was greater than that of the 8 in. filter. 
It was noted that the air flow resistance 
of the clean, 6 in. filter was also greater. 
It is believed that these efficiency and 
resistance measurements indicate that al- 
though the 6 in. deep filter contained 
only 3/, the weight of fibers present in 
the 8 in. filter, its individual fibers were 
dispersed more evenly and uniformly 
and, therefore, the 6 in. deep filter con- 
tained a greater number of effective 
fibers than did the 8 in. deep filter. The 
experimental filters were all hand packed 
from large batts of loose, randomly 
oriented fibers and variations in shot 
content as well as in the hand packing 
procedures used by various investigators 
were noted. For large scale application 
fibers would be prepared in the form of 
machine-packed batts of uniform poro- 
sity and fiber content and much greater 
uniformity in performance (from filter 
to filter) could be anticipated. 

Packing density was not one of the 
filter characteristics specifically studied 
although small variations were made dur- 
ing the tests to observe the effect on fil- 
ter stability under high velocity and 
high heat conditions. In one instance 
where a comparison may be made (i.e., 


® First, M. W., Moschella, R., Silverman, L. 
and Berly, E., Ind. Eng. Chem., 43, 1363 
(1951). 
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TABLE IV 
Effect of Temperature on Filtration Efficiency 


Fiber diameter Filter depth Face velocity Efficiency—% by wt. 
in. fpm. 70° 1400°F 
20 4 400 85 82 
8 1.5 400 99 94 
4 1 400 98 91 


4 in. depth of large diam. fibers at 
1400°F and 400 fpm. face velocity) the 
lighter pack showed a somewhat higher 
efficiency and it is believed (as noted 
above) that an important factor is the 
degree of fiber dispersion and uniformity 
of packing. 

Effect of temperature on filtration 
efficiency is summarized in Table IV. In 
each instance filtration efficiency de- 
creased with increase in temperature, as 
predicted by impaction theory. For the 
examples cited in Table IV penetration 
increased by factors of 1.2, 6.0, and 4.5 
when air temperature was raised from 
70° to 1400°F. for the fibers of large, 
medium, and small diameter, respec- 
tively. Although additional observations 
on aerosols containing particles of uni- 
form size are required to evaluate the 
exact relationship more adequately, these 
results appear to be of the right order of 
magnitude, as predicted by theory. 


Effect of filtration velocity is an im- 
' portant factor in dust removal efficiency. 
When impaction is the primary separa- 
tion force, theoretical considerations 
(Equation 2) indicate that efficiency 
should increase with increases in gas flow 
rate. Investigations of the dust removal 
efficiency of 50 to 250 yw diam. glass 
fibers for spherical and irregular dust 
particles having a mass median diam. of 
2.5 w (4, p. 80) have confirmed this 
relationship at flow rates between 100 
and 324 fpm. Results obtained in the 
present study pertaining to the relation- 
ship between dust removal efficiency 
and gas flow rate at 1400°F are shown 
in Table V. In each case efficiency de- 
clined at the higher flow rate, contrary 
to the prediction of Equation 2 and 
previous experience with the behavior of 
glass fibers at room temperature. There 
is no present evidence to indicate that 
high temperature per se can be effective 
in reversing the velocity effect and it 


was concluded that at the 700 fpm. flow 
rate separations occurred between the 
filter frame walls and the filter medium 
of such magnitude as to more than offset 
any increase in efficiency that might 
occur due to an increase in velocity. 
After prolonged exposure to high tem- 
peratures and high air velocities it was 
frequently noted that the filter pack ap- 
peared to be considerably compressed at 
the center and it is assumed that the 
contractions at the center caused a cor- 
responding rise at the edges to produce 
a separation at these points. It is believed 
that an initial increase in filter efficiency 
at 700 fpm. caused dust to deposit as a 
high-resistance layer on the surface of 
the filter (instead of penetrating 
throughout the filter depth) and this 
accelerated the observed results. 


Observations of the effect of velocity 
on efficiency at room temperature were 
made on the smallest and on the medium 
diameter fibers, only, at flow rates of 
100 and 400 fpm. For these conditions, 
removal efficiency was very high. No 
significant differences in filtering effi- 
ciency were noted and it may be con- 
cluded that at flow rates below 400 
fpm. no significant distortion of the filter 
pack occurred. 

Effect of fiber on dust removal 
efficiency at high temperatures is shown 
in Table VII. For low temperature fil- 
tration it has been found (4, p. 79) that 
the finer the fiber the smaller the parti- 
cle size removed at high efficiency and 
similar results were obtained at 1400°F. 

Resistance of each filter is indicated in 
Table II. In general, resistance was di- 
rectly proportional to air flow rate for 
each of the fibers (both at high and low 
gas temperature) in accordance with the 
pressure drop equation for viscous flow. 
Iberall‘® and others have indicated that 


* Iberall, A. S., J. Res. Nat. Bur. Stds., 45, 
398 (1950). 


TABLE V 
Effect of Filtration Velocity on Efficiency 
Efficiency—% by wt. 
Fiber diameter Filter depth 70° F 1400°F 
# — 110 fpm. | 400 fpm. | 400 fpm. | 700 fpm. 
4 1 99 98 91 85 
8 1.5 99 99 94 84 
20 1.5 79 71 
20 4 86 82 
20 8 87 84 
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viscous flow conditions are present in 
very porous beds of cylindrical fibers 
when the Reynolds Number of flow is 
below approximately 1.2. Calculations 
covering the full range of these experi 
ments indicated that in all cases viscous 
flow conditions prevailed. For example, 
at 70°F it requires 150 fpm. velocity 
around a 20 » diam. fiber to give a Rey- 
nolds Number of flow of 1, while at 
1500°F the required velocity for the 
same flow number is approximately 
1500 fpm. 

For the largest diameter fiber (che 
only one for which data are available) 
filter resistance was observed to be pro- 
portional to filter depth at 400 and * 00 
fpm. flow rates. 


Increases in temperature resulted in 
increased filter resistance at equal vol- 
umetric flow rates but these increases 
were not in proportion to the rise in ‘he 
value of the ratio of viscosity to densi:y. 
As discussed above, resistance increa ies 
in conventional units (in. water gage) 
should be in proportion to the rise in the 
value of absolute viscosity: a ratio of *.3 
for a temperature rise from 70° to 
1400°F. Although increases were noted 
at 1400°F, in all casses they were less 
than double the resistance at room tem 
perature and this discrepancy cannot be 
entirely accounted for by increased sc p- 
aration of fibers from the edges of the 
frame under conditions of 

eat. 


Graded Fiber Filter 


Based on the resistance and efficiency 
characteristics of the 3 individual fiber 
sizes, a filter was prepared combining all 
3 fibers in order to provide high effi- 
ciency (small diam. fibers) low air flow 
resistance (large diam. fibers) and long 
service life through storage of large 
amounts of dust without undue resist- 
ance rise (large and medium diam. 
fibers) or dust blow-off (medium and 
fine fibers). The amount and size of 
fibers required for this service are de- 
pendent in large measure upon the char- 
acter of the dust to be removed. For the 
particular aerosol described above the 
following fiber sizes and amounts were 
chosen and arranged with the coarsest 
fibers upstream and the finest down’ 
stream. 


Fiber Packing Density Depth 
Diam. (Fibers Only) of Fibers, 
Lb./Ft.* In. 
20 1.0 5 
10 14 1 
8 Ll 


When tested at 70°F and 1400°F at 
a gas flow rate of 400 fpm. and dust 
loading of approximately 10 gr./1000 
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SCF, dust removal efficiency was, in all 
cases, greater than 99% by weight and 
air flow resistance was approximately 
5 in. of water gage, (Table II). 

The particle size distribution of the 
dus! escaping this graded fiber filter is 
shown in Fig. 10, Curve C. Based on 
99°. dust collection efficiency the parti- 
cle size efficiency of the graded fiber 
filter is as follows: 


Size range Removal efficiency 
m % by weight 
0-1 78.4 
1-2 95.4 
2-5 99.4 
>5 99.9 


Visual examination of the filter layers 
at he conclusion of the tests indicated 
tha. the mass of dust was concentrated 
wit in the 2 coarsest fiber layers and 
onl slight staining of the final fine 
fib’: layer occurred. The fact that the 
du:: was well distributed throughout the 
fib: c mass was favorable for long service 
life and slow resistance rise with dust 
de; osition. Twenty-five hundred grains 
of Just/ft.* of filter were deposited in 
the graded fiber filter during the course 
of the tests without appreciable resist- 
ance increase. Most important, from the 
sta dpoint of long service life, the dust 
dic not accumulate at the surface of the 
filter or at the interfaces between 
layers of different fiber sizes and form 
a high resistance dust layer. Although 
other sizes and proportions of fibers 
might be required for high efficiency 
coliection without rapid resistance in- 
crease with different particle size distri- 
butions, information now available 
serves as a guide to predict the perform- 
ance of a wide variety of combinations. 
Typical filter resistance data related to 
time of exposure and weight of dust de- 
posited are shown in Table VII for each 
of the uniform fiber sizes and for the 
composite, graded fiber filter. Although 
dust exposure was relatively light, the 
uniform fiber packs and the composite 
fiber filters indicated adequate dust stor- 
age capacity even at high temperatures. 

Dust Retention 

Viscous liquids are commonly used to 
coat large diameter fibers (100-250) 
employed for filtering coarse dusts. Their 
function is to retain captured dust. Vis- 
cous coatings are obviously impractical 
at the temperatures used in this study. 
Although dust retention is not a prob- 
lem at room temperature with fibers less 
than 20 p» in diam., it was necessary to 
determine whether dust retention prop- 
erties were altered at high temperatures. 
This was tested by sampling downstream 
of a 4 in. deep dust-laden filter after the 
dust feeder was turned off. Similar tests 


of APCA 


TABLE VI 


Effect of Fiber Size on Filtration Efficiency 
(1.5 in. filter depth) 


Fiber diam. Efficiency—% by wt. 
70° F 1400°F 
110 fpm 400 fpm 400 fpm 700 fpm 
4 99 98 91” g5~ 
8 99 99 94 84 
20 719 71 


() 1 in, deep filter. 


were made while the filter frame was 
rapped 40-50 times/min. with a heavy 
object to simulate an irregular vibration 
effect. Tests were conducted at 1400°F 
and air flow rate of 400 fpm. Immedi- 
ately after the dust supply was stopped, 
a dust deposit equivalent to approxi- 
mately 0.5 gr. of dust/1000 ft.*® of air 
was collected on the sample filter, but 
subsequent samples for periods up to 
3 hr. showed complete absence of dust 
in the air following the filter, even after 
rapping periods. Whether the dust found 
downstream of the filter immediately 
after the dust feeder was turned off 
represented blow-off from the fibers or 
was dust which had accumulated on fil- 
ter frame and duct walls was not defi- 
nitely determined, but the fact that 
similar results were obtained with the 
composite filter, which contained a pad 
of small diam. fibers on the downstream 
side to prevent blow-off (as well as to 
retain small diam. particles) indicates 
the latter explanation is more probable. 
In any case, the total weight of dust 
appearing on the downstream side of the 
filter after dust feeding had stopped was 
insignificant in relation to the dust re- 
moval performance of the experimental 
filters. 

Fiber strength after prolonged expo- 
sure to high temperature and pressure 
(due to air flow resistance) as well as 
to vibration and rapid heating and cool- 
ing, was determined for each of the 3 
fiber sizes. Static tests for pressure re- 
sistance were performed by placing a 
weight of the appropriate size on top of 
plugs of fibers and putting the assembly 
in a muffle furnace at 1400°F for a 
number of hours. Dynamic tests were 
made by subjecting filters to the effects 
of hot air flow. In the latter experiments 


it was possible to add the effects of vi- 
bration as well. The results of static and 
dynamic compression tests were equiva- 
lent. Typical results by the static method 
are shown in Table VIII for pressures 
equivalent to 4 and 12 in. water gage 
resistance. In each case there was a small 
decrease in thickness of the pack under 
heat and pressure. After the initial com- 
pression the filter appeared to be stable, 
however, and this agreed with observa- 
tions on test filters subjected to flow 
rates of 400 fpm. or less. (As noted 
above, displacement of the filter pack 
occurred at flow rates of 700 fpm.) It is 
believed that hand packing results in 
inhomogeneities which vibration and 
pressure serve to relieve. Similar results 
may be obtained by dropping the newly 
packed filter facedown on a bench a 
few times to settle the fibers prior to 
testing. Observations of this nature are 
also shown in Table VIII. 

Filters which were alternately heated 
and cooled between 1400 and 350°F for 
8 hourly intervals showed no detectable 
changes to fiber or pack other than the 
initial compression noted above, while 
static tests indicated excellent fiber sta- 
bility over a much wider range of tem- 
perature extremes. 

Chemical resistance of the fiber to the 
collected dust is an additional considera- 
tion. Although this is generally not im- 
portant at ordinary temperatures, inert 
substances often become chemically ac- 
tive at high temperature. It was noted 
at the conclusion of high temperature 
filtration tests that the Fiberfrax had 
changed color from white to a deep, 
coppery red. Prolonged treatment of the 
discolored fibers (15 hr.) with common 
mineral acids failed to change their ap- 
pearance and it was concluded that the 


TABLE VII 
Resistance Rise and Weight of Dust Deposited in Filter 


Total dust 
Fiber Filter Filtration Air deposited. Filtration | Resistance 
diam. depth velocity Temp. gr./ft.* period increase 
B in. fpm. °F of filter min. in w. g. 
vol. 
20 6.0 350 1400 820 271 0.05 
8 1.5 400 1000 10000 120 0.55 
4 1.0 700 1400 4700 115 0.15 
Composite 6.1 400 1400 2500 360 0.05 
67 Vol. 6, No. 2 


il 
ple, : 
city 
Rey: il 
> at 
che 
tely 
(che 
ble) 
pro 
vol- 
a 3es 
the 
1 
a. 
£¢) 
the 
to | 
ted 
less 
be 
the 
igh 
ney if 
iber 
all 
fi- 
low 
ong : 
irge 
sist: 
am, 
and 
of 
de- 
ar’ 
the 
the 
ere 
sest 
wn 
| 
at 
lust 
000 
& 


TABLE VIII 
Compression Tests on Fiberfrax Fibers 


(12 hr. test) 
Filter Thickness, In. 
Pressure™, 4-u 
Temp. n. Fibers Fibers Fibers 
°F. Water Gage} Start End Start End Start End 
70 0 3 3 3 3 3 3 
1400 0 3 3 3 3 3 3 
1400 4 13% 1%, 1 UP 1 Ve 
1400 12 1 % 


® Actual stress produced by mechanical compression. Same pressure drop due to air flow probably 
produces less compression because it is a distributed load. Therefore these results are conservative. 


material producing the color was not a 
film of copper oxide or reduced copper 
on the surface of the fibers but was, in 
fact, a change in the character of the 
surface layer of the Fiberfrax itself. 
X-ray diffraction studies failed to reveal 
the presence of any crystalline structures 
in the discolored fibers and it was con- 
cluded that the copper oxide was behav- 
ing as a flux. Cupric oxide has been used 
as a flux for ceramics, and similar ma- 
terials are used as fluxing agents in the 
regular manufacture of Fiberfrax. Even 
though cupric oxide is only a synthetic 
test material this point was considered 
relevant since other materials of this 
general nature will also act as fluxes. 
However, a devitrification test of 15 hr. 
at 1450°F with a used filter did not 
show embrittlement of the fibers. This 
indicates that although some combina- 
tion is taking place between Fiberfrax 
and copper oxide, there is no measurable 
effect on fiber embrittlement, or 


strength. 
Conclusion 

Air cleaning devices in current use 
capable of receiving hot gases without 
1 or more prior cooling stages include: 
(a) mechanical and inertial separators 
such as cyclones and settling chambers, 
(b) wet collectors such as fog: and Ven- 
turi scrubbers and (c) electrostatic pre- 
cipitators. Mechanical and inertial col- 
lectors may be constructed from a variety 
of materials having good heat resistance 
but are limited in dust removal ability 
to particles greater than approximately 
10 » in diam. For this reason they are 
often employed only as precleaners to 
reduce the bulk dust loading reaching 
more efficient devices. Wet collectors, 
also, may be constructed from a number 
of heat resistant materials and, in addi- 
tion, have excellent gas cooling capacity 
because of the evaporation of large vol- 
umes of water. Some devices of this kind 
have high efficiency for particles less 
than 1 yw in size. In areas where water 
is scarce or of an unsuitable quality, wet 
methods may be impossible or uneco- 
nomic. Further, permission to dispose of 
a wet sludge is not easily obtained in 
many localities. The action of soluble 
corrosive substances removed from the 
hot gas stream is often an important 
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consideration in the useful life of wet 
collectors. Electrostatic precipitators are 
capable of high efficiency for very fine 
particles (i.e., less than 0.54) at tempera- 
tures up to about 600°F. Although gases 
at temperatures as high at 1100°F have 
been treated, the electrical resistivity of 
dry powders and dusts generally becomes 
excessive at these temperatures. In addi- 
tion, heat warpage of ionizing and col- 
lecting surfaces may occur to disturb the 
electrical balance of the system. 

Industrial bag filters may be used for 
the cleaning of moderately hot air and 
gases; the maximum temperature depend- 
ing on the specific filter medium em- 
ployed. For example, woven glass-fiber 
bags have been found suitable for metal- 
lurgical gases up to 500°F™ and Orlon 
for temperatures up to 275°F°” but 
sustained exposure to higher tempera- 
tures has been found to greatly shorten 
bag life. Hotter gases may be precooled 
prior to reaching the bag house by means 
of air dilution, heat exchangers, radiant 
cooling or evaporative cooling. Cooling 
by dilution with ambient air increases 
the size and cost of the dust collecting 
equipment many fold in the case of very 
hot gases and is clearly uneconomical. 
Performance of heat exchangers operat- 
ing on dirty gases has been reported as 
uneconomical both with regard to initial 
and maintenance costs‘*). Radiant cool- 
ing is effective when the temperature of 
the gases is very high but for cooling 
of gases below 1000°F the area of heat 
exchange surfaces required becomes un- 
duly large. 

Evaporative cooling utilizing fine 
spray nozzles is often employed for this 
type of service because of the low cost 
of water and its excellent cooling prop- 
erties. However, the water required to 
cool very hot gases materially increases 
the gas volume to be treated. For ex- 
ample, if 100 ft.* of air were cooled 
from 2000° to 250°F, air volume would 
be reduced to 29 ft.* By evaporation, 
approximately 15 additional ft.* of water 


* See footnote 1, page 63. 


" Pring, R. T., Heat. & Vent. (December 
1952). 


* See footnote 2, page 62. 
* Bainbridge, R., J. Metals (Dec. 1952). 


vapor would be added in the cooling 
process and although net volume after 
cooling would be reduced to less than 
1/,, the cooling water vapor would ac 
count for about 14 of this total. Con 
densation of corrosive, water-soluble 
chemicals from warm, moist gases when 
in contact with the cool outer walls of 
dust collecting equipment has proved to 
be an objectionable factor in many in- 
stallations (even when heat insulat on 
has been provided). Regardless of he 
method chosen to cool gases prior to 
treatment in a bag house, elaborate av to 
matic controls are always necessary to 
prevent overheating or condensation of 
moisture; either of which leads to ces 
truction of the filter cloth. Therefc re, 
equipment and media suitable for ‘he 
filtration of hot gases without the neces 
sity for prior cooling have a number of 
important advantages: (1) reduction in 
overall size of equipment required, (2) 
simplicity of temperature and other cv 
trols and (3) freedom from condensat: n 
and corrosion. 

The hot gas filter tests performed in 
the course of this study for the speci ic 
purposes requested by a contractor of 
the Atomic Energy Commission do 1.0t 
represent a full exploration of all the 
useful properties or fields of application 
for filter fibers resistant to high tem 
peratures. However, sufficient informa- 
tion has been presented to indicate that 
when very high temperature filtration is 
required the necessary materials are now 
available. Porous beds of fibers are suit: 
able for low dust loadings but special 
applications may occur when the cost 
and labor of frequent filter renewals is 
offset by the more desirable features 
inherent in the direct filtration of the 
hot aerosol. General application to dust 
loadings in the more usual industrial 
range (i.e., 0.1 to 10 gr. of dust/ft.*) will 
probably require a woven fabric possess’ 
ing sufficient mechanical strength to 
withstand a large number of filtering 
and cleaning cycles but novel methods 
of using heat resistent fibers for the 
filtration of hot aerosols are under active 
consideration. 

Our test program indicated the mani- 
fold difficulties involved in evaluating 
filter performance at 1400°F. Stainless 
steel glows at this temperature and sim 
ple manipulations such as introducing or 
removing a sampling probe from the test 
duct become deliberate and laborious 
when performed in close proximity to 
red hot surfaces while wearing heavy, 
insulated mittens. Multiple sets of samp- 
ling and hot test equipment were re’ 
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quired so that instruments could be set 
aside for cooling after use without de- 
laying the progress of the experiment. 
Flow adjustment and meter calibration 
were complicated by the fact that both 
temperature and air flow rate affect the 


response of head-type rate meters. It was 
discovered that it required 3 to 4 times 
as long to perform a given test at high 
temperature as was required at room 
temperature. 

From a relatively few tests on indi- 


vidual fibers it was possible to design a 
filter to meet specific efficiency, resist- 
ance, capacity and life requirements. 
In addition, these data may be used for 
the solution of other difficult high tem- 
perature dust cleaning problems. 


An Apparatus for Quantative Studies of Inhaled 


Aerosol by Dosimetric Procedure* 
F. J. VOCCI, E. H. KRACKOW, H. E. SWANN, JR. 


Jur knowledge of hazards resulting 
/M exposures to noxious gases and 
osols by inhalation is based on experi- 
mntal procedures involving characteri- 
‘on of the atmosphere into which 

mals are placed and observation of 
ic effects. Results are in terms of air 
‘icentration (mg./m.*, or ppm.), and 
physiological or toxicological effect 

om this concentration. While this 
thod of testing is useful, it has limita- 
ins. Variations in respiratory pattern 
it can affect retention of inhaled 
@pors or aerosols are not taken into ac- 
ant. In many studies of physiological 
and pharmacological responses resulting 
from inhalation of noxious materials it 
is often necessary to know the exact dose 
retained in the animal's respiratory sys- 
tem.“ This information can be obtained 
by determining the amount of material 
an animal inhales and exhales. The dif- 
ference is the retained dose which can be 
expressed in terms of mg./kg. of body 
weight. While retention of airborne ma- 
terials applies to vapor or aerosol, this 
paper will be limited to a description of 
instrumentation designed to investigate 
the toxicity of aerosols. This apparatus, 


L. Dautrebande. Physiological and Phar- 
macological Characteristics of Liquid Aero- 
sols. Physiol. Rev., Vol. 32, No. 2 (1952). 

* Presented at the 49th Annual Meeting of 

the Air Pollution Control Association held in 

Buffalo, N. Y., May 20-24, 1956. 
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which has undergone various changes 
and modifications in refinement, can un- 
doubtedly stand further improvement. It 
was designed primarily for the dog as 
the experimental animal. The principles, 
however, are applicable to man. One of 
the basic considerations in design was the 
use of equipment for study on unanes- 
thetized, as well as anesthetized animals. 
Comfort, therefore, became an impor- 
tant factor so several hours’ experiments 
could be conducted. The apparatus con- 
sists of a dispersion chamber, a sub- 
chamber assembly, and the physiological 
recording instruments. 


Description 
(A) Dispersion Chamber 


In order to maintain uniformity of 
concentration and particle size distribu- 
tion of the aerosol, a dynamic-type cham- 
ber of 200 I. capacity was used. Fig. 1 
shows a schematic flow diagram of the 
entire apparatus. The aerosol was gen- 
erated and introduced into the air stream 
at the mixing bowl. Near the point of 
entry particulates are mixed with the 
air stream and enter the chamber via a 
distribution plate, assuring a uniform 
concentration in the chamber. The cham- 
ber effluent passes through a cross ar- 
rangement of perforated tubes through 
a central exhaust plenum. At the cham- 
ber exit the aerosol is removed by means 
of a standard 600 cfm. particulate and 
vapor CW collective protector unit. Air- 
flow through this system is controlled by 
a 1 in. orifice and a 2 in. gate valve 
situated between the primary and secon- 
dary or emergency filter. Filtered air is 
exhausted outdoors through a stack. A 
114, hp. centrifugal compressor rated at 
250 cfm. against a static pressure of 15 
in. of water serves as the exhaust pump. 
A 150 I. lucite safety chamber incloses 
the aerosol generator and the mixing 
bowl. Additional safety features have 
been incorporated with this system by 
having a quick opening valve between 


69 


the chamber and emergency filter. Re- 
lease of this valve can flush the system 
of toxic aerosols at 60 cfm. This device 
guards against contamination of room 
air in the event of development of ab- 
normal resistance to airflow through the 
primary filter. 


(B) The Sub-chamber Assembly 


The aerosol is pumped from the dis- 
persion chamber through a l-in. 3-way 
quick-surging valve into a 1-l. inhalation 
plenum. This valve makes it possible to 
introduce room air, or aerosol to the in- 
halation plenum. Airflow in this system 
is controlled by means of 1/4-in. orifice 
near the primary filter. Thus, chamber 
and plenum exhausts are parallel. Fig. 2 
shows a diagram of the sub-chamber as- 
sembly. Directly attached to the plenum 
is a 2-way demand valve (Fig. 3) which 
has a dead space of 20 cc. The dog, wear- 
ing a special face mask‘*) (Fig. 4), in- 
spires from the plenum through one of 
these valves (M-9-gas mask C-15 outlet 
valves in phase, inspiration closing the 
expiration valve). Concentration of the 
aerosol and particle size distribution are 
measured from the plenum by means of 


ay oe Saunders and R. W. Fogleman. The 
Respiratory Effects of Inhaled Toxic Vapors 


in Air I. An Apparatus for Quantitative 
Measurements of Inspiratory and Expira- 
tory Air. CmIC., MLRR No. 179 (1953). 
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TWO WAY DEMAND VALVE 
SCALE 11/81 


Fig. 3. 


a filter paper sampler and a cascade im- 
pactor, respectively. 

The dog exhales through the second 
valve through an. electrostatic precipita- 
tor‘) (Fig. 5) which collects the exhaled 
aerosol. The exhaled air flows first 
through a 20-mesh stainless steel screen 
downstream to the precipitator and 
thence to-a l-in. pneumotachometer 
(Fig. 6) which coritains a 400-mesh 
monel wire screen. The air is then dried 
through a Drierite bed, fitted on an M-9 
gas mask canister which removes the 
ozone from the effluent stream. Finally, 
the air passes through a dry test meter 
and is ultimately collected in a 120-l. 
gasometer. 


(C) Physiological Measurements 


Any number of recording systems 
commercially available may be used for 
the physiological measurements. In this 
apparatus a 9-channel oscillograph is 
employed. Strain gages are used as pres- 
sure transducers and, when necessary, 
the circuit from these gages is fed 
through a carrier amplifier where the 
input voltage is rectified before passing 
to the galvanometers in the recorder. 
Fig. 7 shows records taken from 3 anes- 
thetized beagle dogs showing respiratory 
effort, tidal volume, blood pressure, and 
neuromuscular response. The ECG is 
— independently, using a Cardi- 


* A. D. Hosey and H. H. Jones. Portable 
Electrostatic Precipitator Operating from 
110 Volts A.C. or 6 Volts D.C., Arch. of 
Ind. Hyg., and Occ. Med., Vol. 7, No. 1 
(January 1953). 


TABLE I 


if 


page 


PRECIP «TOR 
SCALE 


Fig. 4. 


Performance 


(A) Chamber-Plenum System 
Performance characteristics of the 
chamber-plenum system have been in- 
vestigated and results are shown in Fig. 
8. From this curve one sees that at any 
given flow rate (200 to 1850 1./min.) 
92.5% of the total airflow through the 
system passes through the chamber 
proper, the remaining 7.5% passes 
through the inhalation plenum. These 
flow rates approximate the ratio of the 
orifices (1 in. and 1/4, in.) in the system. 
In accordance with the principles of 
chamber operations reported by Silver,‘ 
the plenum system attains equilibrium 
with the chamber within 2.0 sec. at a 
maximal flow, and within 18.0 sec. at 
minimal flow. At’ the lowest usuable 
flow rate, therefore, the plenum air is in 
equilibrium with the chamber within the 
fourth to the sixth breath of a normally 
respiring dog. This is based on records 
such as Fig. 7 and the equilibration time 
for the plenum shown in Fig. 8. Fig. 9 
shows the resistance in mm. of water be- 
low atmospheric in the airflow range of 


* §. D. Silver. Constant Flow Gassing Cham- 
bers: Principles Influencing Design and 
Operation. J. Of Lab. and Clin. Med., Vol. 
31, No. 10, October 1946. 


Aerosol Distribution in Chamber vs. Plenum Concentration 
10% Fluorescein in Ethylene Glycol 


No. of 
Samples 


Plenum Concen. t.05 
mg./m.* df9 


Flow Rate No. of Chamber Concn. 
1/min. Samples mg./m.* 
200 0 19.2 E135 
600 0 26.7+ 6.6 


1 81.0 
1 24.0 


no sig. diff. 
no sig. diff. 


the plenum. Much of the work in our 
laboratories has been done at negat ve 
pressures of 6 mm. or less of water (e- 
low atmospheric). 

Table I shows the results of aercsol 
distribution studies in the chamber as 
compared to the plenum at 200 and €00 
1./min. 


All studies were performed usiag 
liquid aerosols of ethylene glycol witl a 
10% fluorescein tracer. This simplif:2d 
testing procedures since fluorescein ccn- 
tent can be determined by direct reading 
in a fluorimeter with a known standaid. 


Data shows that chamber and plenum 
concentrations were not  significanily 
different at these flow rates. The chaim- 
ber samples were collected from 10 d'f- 
ferent positions in the chamber, inter- 
mittently, using probe samplers, while 
the plenum sample was collected con- 
tinuously. (Some of our recent data 
shows a trend in plenum concentration 
slightly less than chamber, at flow rates 
higher than 600 1/min. The data, how- 
ever, are too few for a statistical anal- 
ysis). Fig. 10 shows effects of varying 
pressure in a pneumatic type generator‘” 
on concentration in the chamber at a 
constant airflow of 400 1/min. 

(B) The Dosimetric Apparatus 
The maximal expiratory resistance in 


® §. Laskin. Submerged Aerosol Unit. Univ. 
of Rochester A. E. C. Project. Quart. Rept. 
UR38 (1948). 
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ic¢ 8. Flow through plenum vs. total flow 
through system 
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i;. 9. Inspiratory resistance in plenum at 
various flow rates 


Fig. 10. Pneumatic dispersion of liquid aerosol 
containing 10% fluorescein in ethylene glycol. 
Chamber airflow — 400 I./min. 


IB 
Fig. 11. Planimeter scale reading vs. pump 
tidal volumes for pneumotach calibration. 
Attentuation of oscillograph (2)—o. Atten- 
tuation of oscillograph (1)—o. 
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the system is offered by the gas mask 
canister (1 cm. H,O at peak flow for 
dogs at rest). The relationship of pres- 
sure resistance developed by the 400 
mesh monel wire screen has been worked 
out by Silverman and Whittenberger.“ 
In our system resistance is less than a 
few mm. of water. Hence a sensitive 
strain gauge (+0.05 psi.) was used to 
pick up the pressure drop across the 
pneumotachometer. Fig. 11 shows the 
response of the pneumotachometer at 
comparable pulse airflows at 2 different 
attentuations on the oscillograph. These 
calibration curves were obtained using 
a respiratory pump. 


Success of a dosimetric inhalation ex- 
periment depends on 2 factors, i.e., the 
efficiency of the devices used for aerosol 
collection and leakage in the system. The 
efficiency of the electrostatic precipitator 
was tested in 2 ways, by steady state and 
pulse state sampling. In these tests con- 
centrations of the aerosol were as high 
as 100-400 mg./m.* and particle size 
MMD from 1.0 to 8.0 p. In the steady 
state, sampling tests at airflows of 30 
1./min. (12 KV) the precipitator col- 
lected on the average 90% of the aerosol 
in the gas stream. At lower airflow (3.0 
1./min.) efficiency was as high as 99%. 
In the pulse state sampling tests, effi- 
ciency was measured using a respiratory 
pump. These tests were conducted to 


simulate dogs breathing at rest using a- 


stroke rate of 20 to 30/min. and a pulse 
volume of 100-120 cc. The collection 
efficiency averaged 88% varying from 
82 to 95%. In tests designed to deter- 
mine collection efficiency of a hyper- 
ventilating dog (tidal vol—300 cc. 
respiration rate 30/min), efficiency 
dropped as low as 60%. This is one of 
the critical factors in a dosimetric 
procedure. 


* L. Silverman and J. L. Whittenberger. 
Clinical Pneumotachograph, Methods in 
Medical Research, Vol. 2, 1950. 
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To determine leakage in the system 2 
dogs were placed on the sub-chamber 
assembly wearing the special mask. The 
sole air supply for these animals was 
from a spirometer (120 I. capacity). The 
animals inspired from this spirometer, 
through the apparatus, and exhaled into 
a second spirometer. Table II shows re- 
sults of this test. Difference of the vol- 
umes of the spirometers was taken as a 
measure of leakage and averaged 2.9%. 
Whether this is representative of a leak 
is uncertain. Nevertheless, performance 
was satisfactory and within limits of 
experimental error. 


Summary 


Apparatus for determination of re- 
tained dose of aerosols in the respiratory 
tract of dogs is described. Use of this 
apparatus provides for the following: 

1. Dosimetric studies of inhaled aero- 
sols. 

2. Correlation of airborne aerosol 
(concentration and particle size distri- 
bution) with retained dose of inhaled 
aerosol and toxicological and pharma- 
cological effects (such as respiratory, 
cardio-vascular, neurological and muscu- 


lar). 
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TABLE II 


Leakage of Dosimetric Apparatus with Special 
Mask Using Two Gasometers 


Average Average 
RPM Tidal Vol. 
cc. 


Total 
Inhaled 
Vol. 


Total 
Exhaled 
Vol. 


Standard 
Deviation 
% 


2.2 


2.1 
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One of the major problems concerned 
with the quantitative assay of aerosols is 
not only to convert all airborne particles 
at a high sampling rate from the sus- 
pended state into a (more or less) 2 
dimensional concentrate which renders 
them accessible to various analytical pro- 
cedures but to avoid the denaturation of 
the particles by agglomeration, coales- 
cence, and inter-action with each other, 
etc. during the process of forming the 
concentrate. The method described here 
represents an effort to avoid, or at least 
to minimize, these inherent difficulties 
by permitting for: 

(1) a rapid sampling procedure, 

(2) the determination of the concen- 
tration of particulate. matter in aerosols 
of mutually similar constitution without 
mass determination, 

(3) the microscopic evaluation of the 
particle-size distribution whereby the 
danger of denaturation of the concen- 
trate is substantially reduced. 


The method is based on the principle 
of the concentrometer ‘" ?) by which a 
graded concentrate of suspended par- 
ticles is produced by passing the sus- 
pension (gaseous or liquid) through a 
filter material which acts predominantly 
as a screen, i.e. which collects the sus- 
pended material quantitatively on its 
surface. The principle is applicable to the 
separation from liquids as well as from 
gases. The following discussion will cen- 
ter on liquids because of certain advant- 
ages inherent in the conversion of the 
aerosol into a liquid suspension prior to 
its final separation on a surface. The 
application of the method to the direct 
filtration of gases will be discussed in a 
separate paper. 

* A. Goetz. Theory, Methodology and Ap- 
plication of the Concentrometer, Industr. 


soc. California Inst. of Tech., (Aug. 
1955). 


* A. Goetz. The Concentrometer of Apply- 
ing Molecular Filter Membranes. J. Am. 
Water Works Assoc. 45, 933-44 (1953). 

* Presented at the 49th Annual Meeting of 
the Air Pollution Control Association held 
at Buffalo, N. Y., May 20-24, 1956. 
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The Application of the Concentrometer-Principle 
To the Determination of Aerosols” 


ALEXANDER GOETZ 
California Institute of Technology 


Pasadena, California 


The Working Principle of the 


Concentrometer 


Contrary to the usual practice of fil- 
tration whereby each surface element of 
the filter is passed by an equal fraction 
V of the total liquid volume, this quan- 
tity V varies in the concentrometer along 
one direction x of the rectangular screen 
element in accordance with a predeter- 
mined mathematically-defined function. 
Hence, if each volume carries the same 
amount of suspended matter, i.e. if the 
concentration within the liquid is uni- 
form, the concentrate deposited on the 
screen will represent a wedge, the thick- 
ness of which varies in a known way in 
the (x) direction. Equal quantities of 
fluid of different concentration will thus 
result in wedges of different thicknesses 
for corresponding positions on the screen. 


The working principle of a concentro- 
meter for liquids is represented schemat- 
ically in Fig. 1, where the liquid (result- 
ing from a sonic impinger) is filled into 
a container (A), the horizontal cross- 
section of which is semi-circular. (A) is 
sealed by a plate (C) and by a resilient 
thin metal sheet (H). In the center, (C) 
and (H) have a rectangular aperture. 


cavity block, (B) flange plate of (A), 
H) ph.bronze gasket defining exact screen 
area, (C) lucite screen holder with insert 
filled with porous carbon block (D), sealed 
by plate (G). (J) alignment pins (2). (M) 
filter membrane. (F) connects with vacuum 


flask (K), (E) with sample container (L). 


Fig. 1. Design f concentrometer for liquids: 
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In (C) this aperture is filled with a block 
of uniformly porous carbon (D) which 
serves as support for the rectangular 
screen (M) which is sandwiched betw:en 
(D,C) and (H), in a liquid-tight min 
ner, so that (H) masks the exact surf ice 
area of (M) exposed to the passage of 
the liquid in (A). 

If by means of a vacuum pump con 
nected with (F) a pressure differenc: is 
generated across (M), the liquid in (A) 
will be forced to flow from (A) through 
(M-D-F), while simultaneously ‘he 
liquid level in (A) will be lowered. Con 
sequently the fraction of (M) availa le 
to the passage of the liquid will become 
steadily smaller and the lower parts of 
(M) will have to filter increasing qui n- 
tities (V) in order to further lower the 
level in (A). When the level has reached 
the lower edge of (M), the fluid remain 
ing in (A) is drained through (Ff), 
whereafter (C) is parte] from (A) and 
(M) is removed. (M) carries on its sur’ 
face the retained concentrate of a density 
varying along the vertical (x) direction 
in accordance with a function (V(x) ) 
which is once and for all defined by the 
geometrical shape of the cavity in (A). 

This distribution function (V(x) ) 
does not depend on the rate of filtration 
(i.e., pressure difference or flow-permea 
bility of the screen material), and thus 
not on a gradual decrease of the flow 
rate if partial clogging of (M) occurs. 
The sole requirement is the uniform 
porosity of (M) at the beginning of the 
operation. The screen element (M) rep- 
resents thus a record defining the con- 
centration of the particulate matter pre- 
viously suspended in the field as it was 
contained in the defined volume of the 
cavity in (A). (M) is henceforth re- 
ferred to as C-gm. (concentrogram). 

The evaluation of such C-gm. is deter’ 
mined by the following considerations: 
as the distribution of the flow density 
through the screen along (x), (V(x) ), 
is always the same, 2 different liquids 
(of similar nature of suspended matter) 
with the respective concentrations C;, 
and C, produce from the same cavity 2 
C-gm. represented by: 
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Ci/x) =u. V(x), Ce(x) — w. V(x), or: 


Ci(x) u 
— w 
While it is physically possible to produce 
a large (but not infinite) variety of dif- 
fer.nt distributions, V (x), by the suit- 
abl: design of the cavity shape. 

‘he general mathematical theory of 
the generation of these distribution func- 
tio:'s is somewhat involved and will be 
pul lished elsewhere. 
the selection of a logarithmic (slide 
ru! >) function: 

V(x) — A. e™ (2) 
where A, k are fixed instruments con- 
sta ts, is uniquely suitable for this par- 
tic lar purpose. 

“he principle underlying the evalua- 
tio. of C-gm. with a logarithmic density 
dis ribution is illustrated in Fig. 2 where 
C, and C, stem from an unknown, Cs 
frc n a known (standard) concentration. 
It ; evident that the shift of C, and C, 
ag: inst Cg by the distances d, and d, re- 
sp ctively, juxtaposes surface sections 
wih identical variation of deposit den- 
sit. This causes between the 2 C-gm. a 
sh rply defined position of equal appear- 
ane, demonstrated in Fig. 2 by the pre- 
cis: matching of the lines, for their 
de isity (closeness) corresponds to that 
of the deposit on the C-gm. and varies 
al.ng x according to eq. (2) and the 
sc.le in Fig. 2. In the example the shifts 
d, and dg, correspond on the scale to: 

C1 = 1.67 . Cs, Ce == .67 . Cs, or 
Cr: Cy: Cem=1:15:25 

No other but the logarithmic varia- 
tion of V(x) allows this simple mode 
of comparison, well-known in photom- 
etry. For the deposit density at any dis- 
tance x, along x, eq. (1) results in: 


5 Cx 
G e* x1 
log = k.d,or 


(3) 


ie., the logarithm of the concentration 
ratio is independent of x, and directly 
proportional to the relative shift d. 

The total range, defined by the length 
of the screen in terms of the correspond- 
ing scale, represents in this example the 
factor of 4, which, for practical pur- 
poses, can be arranged to lie between 
107-108, the range depends on the shape 
and capacity of the cavity A. 

The instrument shown in Fig. 1 em- 
ploys a screen 2 cm. wide and 8 cm. long 
(.79 in. x 3.16 in.), requires a total vol- 
ume of 220 ml. and has a range of 200, 
ie. the volume which has passed the 
lowest horizontal strip of 2 mm. (.787 
in.) width is 200 times larger than that 
which has passed the uppermost strip of 
equal width. It is therefore possible to 
bridge the entire range of concentra- 


= antilog.(k .d) 
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tions occuring in aerosol sampling under 
roughly comparable conditions. 


Cs 


Fig. 2. Scheme of comparison of two (un- 
known) C-gm. (Ci Ce) with a standard C-gm. 
(Cs) of known concentration. The concen- 
trate density which increases downward ac- 
cording to a logarithmic fotos is repre- 
sented by the closeness of the horizontal lines. 
Shifting of (C1) (left) for the distance (d1) 
against (Cs) produces an exact matching of 
the lines and analogously the shift of (Ce 
(right) for (de). The distances (d1, de) 
determined on the instrument scale (right), 
result in the concentration ratio Ci : Cs : Ce 
= 1.67 : 1 : 0.67, the total range in this 
example being 4. 
Properties of Screen Material 

In order to realize the method out- 
lined above, the material used for screen- 
ing must fulfill certain physical and 
chemical conditions: 

(a) the material must have a pore size 
sufficiently small to retain the smallest 
particle sizes considered in the assay. 

(b) the pore size must be sufficiently 
uniform, so that the screen, after initial 
wetting (when the cavity is filled), does 
not permit anymore the passage of air 
when the liquid level, while being 
lowered during the operation, leaves in- 
creasing portions of the screen surface 
to contact with air. This means that the 
pressure difference required for the fil- 
tration may not be larger than the pres- 
sure required to overcome the capillary 
forces due to the surface tension of the 
liquid within the pores of the, filter 
matrix. 

(c) the flow-permeability of the screen 
must be sufficiently large to effect a 
complete filtration within a time interval 
small compared to the settling rate of 
suspended particles in the fluid. 

(d) the screen material must be chem- 
ically inert toward the retained particu- 
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late matter in order to avoid denatura- 
tion by reaction between filter substance 
and deposit. 

Filter membranes consisting of stable 
gels of cellulose esters meet all of these 
conditions sufficiently well to render the 
principle of the concentrometer prac- 
tically applicable. 

The development of such membranes 
goes back to Bechold, Zsigmondy, El- 
ford, Grabar‘? and the work of the 
Membran-Filter Gesellschaft in Goettin- 
gen, Germany. During the last 8 yr. 
the author and his collaborators con- 
tinued on this basis and developed mem- 
branes which approximate uniformity of 
pore size and stability in the dry and the 
wet state for the bacteriological filtra- 
tion of liquids ‘ and of aerosols, the 
above postulate for a screen-like per- 
formance for particle sizes down to 
10-°cm. This material is now commer- 
cially produced in this country. 


The membrane types used for screen- 
ing impinger fluids permit for a flow 
velocity of up to 30 cm./min. at 7.4 lb. 
pressure differential without overcom- 
ing the capillary pressure and retaining 
all particle diam. down to .5 mw quan- 
titatively and a major part (70-90%) 
down to ca. .3 p. 

These membranes have an additional 
advantage, as they can be produced with 
sufficient physical homogeneity to render 
them almost completely transparent 
when impregnated with a liquid of 
nearly equal refractive index (n = 1.50) 
(which must be applied after the com- 
plete drying of the membrane, so that 
the liquid enters the surface opposing 
the one carrying the retained concen- 
trate). Suitable membrane material can, 
by careful application of this process, 
even retain sufficient absence of (in- 
ternal) light scattering to permit for the 
application of dark-field condensors of 
high aperture (cardioid condensor) 
without serious impairment of image 
contrast. This ultramicroscopic tech- 
nique can facilitate the discrimination of 
particles down to .3-.2 w. The particular 
advantage of this procedure consists in a 
minimal interference with the nature of 
the individual particle, as is invariably 
present with the microscopic preparation 
of the deposit for observation by bright- 
field illumination because of the require- 
ment of imbedding the object into an 
immersion fluid to utilize the resolving 


* P. Grabar. L’ Ultrafiltration Fractionnee. 
(Paris) (1943). 

(Excellent reference of earlier work). 

* A. Goetz. The Application of Molecular 
Filter Membranes to the Analysis of 
Aerosols. J. APHA. 43, 150 (1953). 

M. W. First and L. Silverman. Air Samp- 
ling with Membrane Filters. AMA Archives 
Ind. Hyg. 7, 1-11 (1953). 
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power of high aperture objectives. If 


the particulate matter contains liquid , 


droplets, contact with the embedding 
fluids can alter their nature substan- 
tially by surface interaction or dissolu- 
tion. This method may prove to be one 
of the least interfering with the true 
shape, especially of liquid particles. 
While the optimal resolving power of 
the ultramicroscopic technique is, of 
course, much smaller than that of the 
electron microscope, its application ap- 
pears to be definitely superior for liquid 
particles, since the subjection of the con- 
centrate to shadowing in vacuo, re- 
quired for an electron-microscopic pre- 
paration, leaves serious doubt as to the 
degree of denaturation inflicted upon 
the particles. 


Conversion of the Aerosol into a 
Liquid Suspension 

One of the major difficulties in the 
assay of aerosols for particulate matter 
is the attainment of a sufficiently large 
sampling rate, because excessive time in- 
tervals for the taking of a uniform 
sample are in general not available. 
However, in order to obtain a quantity 
of concentrate sufficient for chemical, 
etc., analysis a very large air volume has 
to be sampled, and since the retained 
matter should be concentrated on as 
small as possible an area, very high flow 
densities would be required. A high flow 
density is in most cases impossible be- 
cause of the limited flow-permeability of 
screening materials with sufficient re- 
taining power for the sub sizes occur- 
ing predominantly in aerosols. A solu- 
tion of this problem which (as far as 
the application to the concentrometer is 
concerned) has shown definite promise, 
consists of the quantitative conversion of 
the aerosol into a liquid suspension prior 
to the filtration of the resulting liquid 
concentrate through a suitable mem- 
brane. The conversion is effected in as 
such well-known manner “® by im- 
pinging the aerosol onto the surface of 
a suitable, carefully pre-filtered (mem- 
brane) liquid through an orifice under 
limiting flow conditions, i.e., where the 
pressure differential exceeds ca. 8 lbs., so 
that the flow approaches sonic velocity. 
The author has found it useful to employ 
slit-like, rather than capillary, orifices 
for this purpose, apparently because the 
liquid surface area impinged upon by the 
aerosol is much larger than for orifices of 
circular cross-section, and thereby the 
probability of interception of very small 
particles by the liquid. Fig. 3 shows 


® L. Greenberg and G. W. Smith. U. S. Bur. 
of Mines Rept. 2392 (1922), 3360 (1937). 

* A. Goetz. Basic Problems in the Detection 
of Microbiological Air Pollution. Am. Ind. 
Hyg. Assoc. Quart. 16, 113-19 (1955). 
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Fig. 3. Scheme of sonic silt impinger. The 
filter flask (F 2l. capacity) carries the im- 
pinger fluid (250-300 ml.) up to the level 
(L). One or several parallel tubes are placed 
in the neck of (F) each one ending at the 
lower end in a narrow slit (.006/8 in. wide, 
.25/.5 in. long:) The vaccum is connected at 
tube (T) of the flask, the pump capacity must 
be sufficient for causing a pressure differential 
better than 7.5 Ib. (2 at.) across the slits. 
schematically the assembly of such an 
impinger unit. 

In this manner it is quite possible to 
attain sampling rates exceeding .1 cbm./ 
min. (3.5 ft.°/min.) in a vol. of im- 
pinger fluid of approximately 300 ml. 
If this quantity of impinger fluid is fil- 
tered in the usual manner through a hor- 
izontal filter membrane (ca. 10 cm.’), 
a concentration rate of 10//cm.?/min. re- 
sults which is about 3 times higher than 
the rate of the customary high volume 
sampler, and about twice as large as that 
of direct air filtration through a mem- 
brane, applying the same pressure dif- 
ferential. Actually, the concentration 
rate in a sonic liquid impinger can be 
increased substantially above this value 
for the same liquid volume by the par- 
allel operation of a larger number of 
limiting slit-orifices. The upper limit is 
the volume capacity of the pumping sys- 
tem applied. 

Another advantage of this intermedi- 
ary conversion consists of the possibility 
of using different impinger fluids, e.g., 
water, for the elimination of the water- 
soluble components or hydrocarbon 
fluids for the elimination of particles 
soluble therein, while preserving those of 
water-soluble nature. 

The choice of impinger fluids is lim- 
ited to those which are neutral toward 
the substance of the membrane, i.e., 
celluloseesters, such as water and sat- 
urated hydrocarbons, but exclude 
alcohols, esters, ketones and the like. 

Care has to be taken to avoid re- 
actions among the particles and with the 
fluid. Agglomeration can be avoided by 
the addition of protective colloids 
(traces of gelatine, etc.), certain re- 
actions can be inhibited by the addition 
of buffering salts, etc. 
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Evaluation of C-Grams 
Determination of the Concentration 


The concentration C in prg./cbm. of ff 
the aerosol and c in pgr./ml. of the im |i 
pinger fluid is related to the volume of ff 


air, V,: in cbm., and of the fluid in the 


impinger, V;: in ml., which latter must ]% 
be measured after the termination of the #! 


impinging period (to exclude losses by 
evaporation) by: 


Vi Vi 
C=c. 


) (4) 


where t in min. is the duration of te 
flow, and F in cbm./min. the flow ra:e, 
if V, is determined by a flow meter. 


The above relationship permits for «p- 
proximately similar aerosols the detcr- 
mination of C in the following simple 
manner: A standard C-gm. is produced 
from a representative aerosol (of ux 
known concentration C, on a 
membrane strip, and the weight increase 
M is determined by a sufficiently sen i- 
tive balance which results in: 


M C, 


Ve as 


(>) 


where V, is the fixed volume of the im- 
pinger cavity (V. = 220 ml.). 
Hence c;, is the coefficient characterizing 
the standard. Any C-gm. from another 
filtration yields, by comparison with this 
standard, a scale reading, which repre: 
sents the shift d as a proportionality fac 
tor (8=antilog (k.d) (see eq. 3). 
Hence: 

C= 8 (C,.a) (6) 


For example: a C-gm. was obtained by 
passing 5 cbm. of air through 240 ml. of 
fluid (i.e., a = 48) which resulted by 
comparison with the standard in a shift 
corresponding to a value on the instru- 
ment scale: § = .28. This standard had 
a deposit weight of M=8.2 mgr. 
(C, = 37.3 ugr./ml.), hence: 
= .28 X 48 X 37.3 = 500 pgr./chm. 


In this manner it is possible to obtain 
without resorting to weighing but once, 
a quite accurate and rapid determination 
of numerous circular aerosol samples as 
well as permanent records of the concen- 
tration. 

The appearance and evaluation of 
C-gm. is illustrated in Fig. 4 which re- 
presents a photograph of 7 C-gm. result- 
ing from soot-containing fluids (as most 
suitable for photographic reproduction), 
mounted with the instrument scale 
(right) with shifts, representing the 
degree of dilution to which the fluid was 
subjected. The dilution factor was in all 
cases 2, except for one, in which it was 
4. It is obvious that the juxtaposed sec- 
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Fig. 4. Photographic reproduction of 7 C-gm. 
reslting from soot-containing impinger fluid 
in lilution steps of 2" (for O0< n <8 with- 
out 2°), resulting from the concentrometer 
in Fig. 1. The C-gm. are mounted with rela- 
tive shift of their reference marks (top) as 
derived from the scale for the applied con- 
centration ratio. The criterion for the correct 
realization of a log.-distribution is the equality 
of gray-shade of their overlapping sections— 
which appears well met. The C-gm. for the 
mass-density relation (p -scale is mounted on 
the right.) 


tions of the C-gm. show the same degree 
of blackening, corresponding to the mu- 
tul shift. 
The surface concentration of the re- 
tained matter on the C-gm. itself is de- 
termined as follows: if c, the concen- 
tration of an agent in the impinger fluid 
is known, i.e., by M eqs. (4, 5), the value 
of V indicated by the instrument scale 
for any section of the C-gm. is propor- 
tional to the deposit density in this sec- 
tion by the following relationship: If, 
e. g., (C= 1.5 mgr./ml.), the section of 
the C-gm. at (V=7 ml.) on the scale 
carries a deposit density of: 
a 


= 26.2 mgr./cm.* 
(7) 


where a is the screen area to which the 
scale refers (in the instrument described 
a= .4cm.?). 

This property of a C-gm. can be used 
for establishing a correlation of e.g., the 
color, light-scattering, etc., properties of 
the concentrate with its density by 
applying photometric methods for the 
C-gm. after it has been rendered trans- 
parent (see Sec. 3). 


Determination of Particle Size and 
Number 


As already stated, the deposit density 
on the screen can influence the inter- 
pretation of the particle size distribution 
due to reactions within the concentrate, 
such as coalescence and agglomeration, 
and lead thus to a misjudgment of the 
average particle size and number. The 
graded density of the concentrate on the 


was 


AL 


C-gm. can overcome this difficulty be- 
cause by a microscopic survey (light or 


of APCA 


dark field) along the x-direction it is 
almost always possible to find a region 
of deposit density where the number 
of particles appearing in the field area 
are sufficient in number for statistical 
confidence, but not dense enough for 
having been subject to coalescence. This 
can easily be verified by comparing an 
area of low, with one of higher density, 
as a decreasing frequency of small par- 
ticles in the ranges of higher density is 
invariably a sign of coalescence. 


The determination of the particle 
number/unit vol. on a C-gm. is based 
on the following procedure: in accord- 
ance with the condition of minimal oc- 
curence of coagulated particles a section 
of the C-gm. is selected for microscopic 
evaluation. This section is correlated 
with the V-value corresponding on the 
instrument scale, i.e., the flow density to 
which this part of the membrane has 
been subjected during filtration; then 
the micro-optical field area a,, deter- 
mined with an object micrometer or cali- 


brated reticule, defines the fraction —~ 


(eq. 7) of the volume V which com- 
prises the area for the microscopic count. 
Hence, the number N of particles/cbm. 
of aerosol results from the number n 
counted in a, as: 


— 


6 = 


where ( 


constant for a standardized micro-opti- 
cal procedure. 

The following numerical example may 
serve as an illustration: an average of 
(n = 65) of particles were counted in 
a number of squares, each with an area 
(a: = 2.5 x 10° cm.*., hence y= 1.6 
x 10*) of the reticule, on a C-gm. section 
corresponding to (V=.5 ml.) which 
latter resulted from (V, = .25 chm.) of 
an aerosol passing through (V; = 250 
ml.) impinger fluid (hence a = 10%), in 
accordance with eq. (8): 


N 1.6 x 10' x 10’ — 2.1 x 10°/cbm. 
(8a) 
If C, the mass concentration of the 
aerosol, has been previously determined 
on the C-gm. (s.a.), and the average 
specific gravity g of the suspended mat- 
ter is approximately known, an estimate 
of the average particle (as spheres) 
diam. d can be obtained by the following 
argument: the total volume of all par- 
ticles being: 


g : 6 


19 10-° 

n.g.@ 


This results in the above numerical 


example, assuming (g = 1.2 and 
C = 260 mgr./cbm.): 
> 1.9 x 260 x 10- 
‘ 2.1 x 10° x 1.2 
1.96 x 10-": or: d 5.8x10°~ 6p 
(9a) 


This average value of d is valid only 
under the assumption that all particles 
are of the same size, the result may thus 
be extremely misleading. One can ar- 
rive at an improved estimate by counting 
in addition to n also n,, the class of 
largest particles (e.g., > 1 mu), and esti- 
mate for this class an average diam. 
d,. The average diam. d, of all other 
particles results then from eq. (8, 9) as: 
n.d’ 


= (10) 
If in the above numerical example only 
2% (ni = 02 n) of all particles were 
found to be of an average diam. of 
(d, = 2 yp), the average diam. is re- 
duced to almost half of that resulting in 
eq. (9a), viz: 


de = 196x10-"—2x10". 
8 x — 36 x 10-" 
or: 
de == 3.3. 10% cm. ~ .33 (10a) 


By such successive estimates it is pos- 
sible to obtain information about aver- 
ages of particle sizes not any more clearly 
determinable in the ultra-microscope. 


The comparison of C-gm. obtained 
from the same aerosol but by different 
impinger fluids (oil and water) yields 
information about the degree to which 
the impinger fluids may have affected 
the particle. Compared with these may 
be an analogous concentrate on a mem- 
brare exposed (by the customary pro- 
cedure) to direct filtration of a vol. V 
of air so that the resulting density on it 
corresponds to that of the region V on 
the C-gm. selected for the evaluation of 
the particle-sizes and numbers. An 
analogous concentrate density is ob- 
tained for the membrane area N used, if: 


(11) 


where a characterizes the C-gm. to be 
compared (eq. 4). 

However, the dry filtrate represents 
not necessarily a more accurate picture 
of the constitution of the airborne mat- 
ter than the analogous concentrates from 
impinger fluids, because the particle-size 
distribution can be (especially for liquid 
droplets) significantly altered by the re- 
tention on, or wetting with the dry 
membrane surface. 


The effect of the concentrate density 
on the microscopic particle pattern is 
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illustrated in Fig. 5: two C-gm. of dif- 
ferent fluids are mounted together with 
the V-scale of the instrument used. Of 
each 3 narrow strips were excised, cor- 
responding to (V = .2,. 2,. 20 ml.), and 
mounted as transparent specimens on 
microslides. The resulting microphoto- 
graphs have the same magnification for 
the same C-gm. The left C-gm. (A) was 
photographed with bright-field, the right 
C-gm. (B) with dark-field (cardioid) 
illumination. The scales indicate the 
magnification used. 
Application to Molecular Components. 
Aside from the determination of par- 
ticulate matter, the concentrometer per- 
mits, in principle, also the measurement 
of specific molecular components which 
occur in minute concentrations in the 
air. To attain this the membrane has to 
contain within itself a uniformly dis- 
tributed reagent which reacts specifically 
with a particular component. Fortun- 
ately the peculiar internal structure of 
the membrane matrix provides for suf- 
ficient space among the pores wherein 
suitable reagents can be imbedded (prior 
to filtration) in sufficient quantity with- 
out impairing the flow-permeability ser- 
iously. In order to remain within the 
matrix during the filtration, the reagent 
must be virtually insoluble: in order to 
be still capable of reacting with the mole- 


Methods of Generating Solid Aerosols*' 


LESLIE SILVERMAN AND CHARLES E. BILLINGS 


Production of representative concen- 
trations of solid, liquid and gaseous con- 
taminants in air is a fundamental re- 
quirement of research in aerosol be- 
havior and methods of air pollution 
control. The following discussion deals 
with generation of solid aerosols. Liquid 
aerosols may also be generated by some 
of the methods to be described; ordinary 
gas mixtures are usually not difficult 
to establish. Concentrations of solid par- 
ticles in air are used in laboratory in- 
vestigations of sampling methods and 
analytical procedures, or for calibration 
of sampling equipment and determina- 
tion of its collection efficiency. Testing 
of air pollution control equipment (fil- 
ters, washers, electrostatic precipitators, 
+ This study was made in part under Con- 
tract No. AT (30-1) 841 between the 
U. §S. Atomic Energy Commission and 
Harvard University. The opinions ex- 
pressed in this paper do not necessarily 
represent the views of the U. S. Atomic 
Energy Commission. 

Presented at the 49th Annual Meeting of 


the Air Pollution Control Association held 
at Buffalo, N. Y., May 20-24, 1956. 
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Fig. 5. Photographic reproduction of 2 C-gm. 
from different impinger fluids with corres- 
ponding scale. Three narrow horizontal 
strips were excised out of (A) and (B), cor- 
responding to the V-values: .2, 2.0, and 20 
ml., representing thus an increase in concen- 
trate density of 1 : 10 : 100. The micro- 
photographs obtained from these sections are 
in bright-field illumination for (A) and ven 
illumination for (B) and are reproduce 
with the corresponding size scales. The effect 
of the concentrate density on the particle 
size distribution, due to coalescense, is 

evident. 


cular component of the fluid during its 
passage through the matrix, the solubility 
product of the reagent must be larger 
than that of the subsequent reaction 
product. These conditions are most un- 
favorable in view of the high reaction 
rates required because of the short time 
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etc.) is undertaken by most manufac- 
turers or by independent laboratories 
with aerosols made from materials which 
duplicate the expected service, for de- 
sign and development information and 
for final acceptability. Many phases of 
air pollution research require the simu- 
lating of an atmosphere or environment 
in the laboratory to determine the prop- 
erties and interactions of the various 
contaminating components. 

Among the allied fields of research 
which also use aerosols for similar pur- 
poses are: chemical engineering (various 
unit operations involving aerosols); in- 
dustrial hygiene (industrial air analysis) ; 
meteorology (cloud physics); respira- 
tory physiology (lung retention and fate 
of respired particulates); and military 
science and engineering (screening 
smokes and propagation of chemical and 
bacteriological weapons). Important con- 
tributions on the behavior of aerosols 
and operation of aerosol collection mech- 
anisms continue to be made by investi- 


76 


(ca. 3 x 10-* sec.) of contact availab 
to the passing fluid. However, this ; 
compensated by the large number 4 
pore-openings in the surface of the mem 
brane (ca.10*/cm.*) which subdivid 
the flow to the degree required for 
high reaction efficiency. Preferably 
reagent is applied which produces a di 
tinct color change by the reaction itll 
the trace component in the fluid. As th 
intensity of this color signal depends, 
least in a narrow range, on the nuraber 
of trace molecules passing through 
membrane, i.e., on the flow-densit:,, 
C-gm. with a uniform distributior of 
the reagent will show after filtraticn 
characteristic color variation, the loca :ion 
of which indicates the concentratior. of 
the specific component in the fluid 

While this type of application of the 
concentrometer principle is still urde 
preliminary study it has proven ve 
sensitive and applicable for a few ar 
ticular cases, e.g., metal ions. For aer s0 
components which are not soluble in th 
impinger fluid the procedure is not ap 
plicable. 
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gators in all of the above fields. 

Selection of a method of generation 
will be determined to a large extent b 
the subsequent use of the aerosol. For 
example, when low dust concentrations 
are desired (as might be found in am 
bient atmosphere) the particular methods 
chosen will be different from those used 
for high concentrations (as might he 
found in industrial dust collecting sys 
tems). Methods for production of homo: 
geneous aerosols (for fundamental re: 
search) have definite limits as opposed 
to those producing heterogeneous systems 
(as usually occur naturally). 

Static dust concentrations are pro 
duced in containers (as small as a 20 |. 
carboy) or cabinets (as large as 30 of 
more m.*) of known (constant) volume 
by dispersing into them a certain amount 
of solid material for a short time, and 
then withdrawing a sample of the 
aerosol from the static chamber. These 
are usually used for sampling instrw 
ment and procedure calibrations and for 
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TABLE I 


Materials Used For Production of Solid Aerosols (Condensed, See footnote 49, page 78) 


Material Size Range mn Approx. Sp. G. | Shape Remarks 
A. Standard Test Dusts 
“ir Filter Institute 1 - 80 2.0 Trregular Aria. Road Dust Plus Carbon Black and Cotton 
inters 
Army 1 - 80 2.5 Irregular Ariz. Road Dust 
AS. 1 - 80 — Irregular Fly Ash Plus Carbon Black 
A mospheric 5 1.5 Irregular Silicates, Carbon Organics, etc. 
B-itish 1 - 100 2.5 Irregular Mineral Dust (Under Revision) 
N tional Bureau of Standards 0.5 2.2 Spher.-Irr. Fly Ask 
.\reau of Mines Respirator Irregular 
Silica 0.6 2.6 Free Silica 
Lead Fume 0.1 8.0 Irregular Combustion of Lead Tetraethyl 
Magnesium Oxide 0.6 3.6 Irregular Combustion of Magnesium Ribbon 
Chromic Acid Mist 1-5 2.7 Spherical Electroi. Acid 
Lead Paint Mist 1 - 10 6.6 Irregular Spray Paint 
B. Resuspended Pulverized Materials 
/ uminum Oxide 5 - 40 4.0 Irregular Abrasive Grits 
destos 1-5 3.1 Needl-Irr. Floats (Filter Aid) 
} smuth Subcarbonate 4.0 6.9 Irregular — 
« lcium Carbonate 3.0 2.7 Rhom-Crysta)b | Ground or Precipitated 
( lecium Phosphate 0.7 - 4.3 2.3 Irregular —_— 
( .rbon Black 0.09 1.77 Spher.-Chains | Lamp Black 
( rbon Dust 1-65 2.0 Irregular Attr. of Charcoal 
( pper Sulfate 1-5 3.6 Crystal-Irr. = 
_pper Tartrate 1-5 Irregular 
(>pper Oxide 4.3 6.4 Irregular _— 
I »wex Resin 0.05 - 0.1 -- Spherical High Static Charge 
ly Ash 16 _ Spher.-Irr. From Cottrell Precip. of Pulv. Fuel 
Class 1-5 2.6 Irregular Ground Cullet 
(ass 7.3 2.6 Spherical Pavement Marking Beads 
] on 3-8 7.8 Spherical Carbonyl 
jon 0.5 - 6.6 7.9 Spher.-Irr. Powder 
) menite 4.3 4.7 Irregular Ground Ore 
idox 0.1 - 0.3 — Irregular Zine Oxide Pigment 
ad Dust 2.2 11.3 Irregular a= 
\thopone 1-5 4.3 Irregular Zinc Sulfide and Barium Sulfate 
cagnesium Silicate 2.8 3.3 Irregular 
‘etals — 1.5 - 10 Spher.-Irr. Disintegrated Metal Powders 
inerals 1.5 - 10 Crystal-Irr. Ground 
ethylene Blue 4.9 - 11 1.26 Irregular ca 
igments —_ —_ Irregular Metals and Oxides for Paints 
iastics 1-5 == Spher.-Irr. Molding Powders-High Static Charge 
ale 2.5 3.3 Needl-Crystal | Microni 
sitanium Dioxide 1-5 3.9 Spher.-Crystal | Anatase 
Silica 1-3 2.6 Crystalline Ground 
ilica 0.5 2.2 Spherical Vaporized-Amorpheus 
odium Bicarbonate 0.5 2.2 Irregular — 
Sodium Sulfate 4.8 2.7 Irregular — 
tarch 1-5 1.5 Irregular — 
Uranium Oxide 1-6 an 
Zine Cadmium Sulfate 2.0 4.0 Irregular Fluorescent Pigment 
zine Silicate 1.5 3.7 Irregular Fluorescent Pigment 
oF C. Solids From Sublimation, Vaporization and Condensation 
Ammonium Bifluoride 0.5 1.3 Spherical Sublimed from Hot Plate 
Ammonium Chloride 0.2 - 10 _ Spher.-Irr. Controlled Vapor and Condensation 
Aluminum Chloride 0.6 2.1 Spherical Sublimed 
DM & DA Smokes 0.2 — Crystalline Vaporized 
Metals —_ — Spherical Aluminum, Brass, Copper, Lead, Sprayed From 
Metallizing Unit. 
Microcrystalline Wax 1.0 _— Spher.-Irr. Controlled Vapor and Condensation 
Rosin 0.2 - 10 — Spherical Controlled Vapor and Condensation 
Stearic Acid 0.1 - 1.0 — Spherical Super-cooled Liquid 
Triphenyl Phosphate 0.1 - 1.0 — Spherical Super-cooled Liquid 
D. Solids From Solutions or Suspensions 
Copper Sulfate 0.3 - 2.7 3.6 Spherical Spray Solution and Fuse 
Copper Tartrate 0.5 - 1.0 — Irregular Spray Suspension 
Methylene Blue 0.2 - 2.0 1.26 Spher.-Irr. Atomized Solution 
Phenol Red 1.6 - 3.8 = Irregular Nebulized Solution 
Silver Iodide 0.3 - 0.8 5.7 Irregular Atomized Solution 
Sodium Bicarbonate 0.2 - 0.4 2.2 Irregular Atomized Solution 
Sodium Chloride 0.4 - 1.2 2.2 Cubic-Spher. Atomized and Fuse 
Sucrose 0.03 1.6 Iregular Atomized Solution 
Uranine 1.3 — a Atomized Solution 
Uranium Oxide 0.5 - 1.7 10.9 Irregular Spray Suspension 
Uranium Trioxide 0.8 7.3 Spherical Atomize Nitrate Solution and Fuse 
E. Solids From Flame Passage, Combustion, or Chemical Reaction 
Ammonium Chloride 0.1 — Irregular Rea t Amonia and Hydrogen Chloride 
Carbon Black —_ — Spher. Chains | Comb. with Insuf. Oxygen; Acetylen, Benzene, 
Butane, Gas 
Minerals — —_ Spherical Flame Passage of Ground Minerals 
Metals 0.001 - 0.1 — Cub-Spher.-Irr | Direct Comb. or Flame Passage of Powders or 
Thin Ribbons. 
Metals 0.001 - 0.1 — Spherical Comb. of Liquid Forms; Lead Tetraethyl, Iron 
: Carbonyl, etc. 
Phosphorous 0.1 — Spher.-Irr. Screening Smoke From Comb, of White Phos. 
Tobacco 0.5 - 1.0 os Spherical Comb., Primarily Liquid Droplets with Tars. 
F. Biological Materials 
Albumin, Egg 0.5 - 10 
Bacteria: Nebulize 
Coli 1 x 09% — Cylindrical — 
S. Ind. 0.5 x 1.0 Cylindrical 
S. Marc. 0.6 x 1.0 — Cylindrical — 
B. Glob. 0.8 x 1.5 — Cylindrical — 
Bacteriophage 0.02 - 0.05 —_ Spherical E. Coli-T-3 
Blood Cells 7.85 — sc Very Uniform Size 
Lycopodium 25 - 40 -- Pyramid — 
Pollen: 
Ragweed 19.6 —_ Spherical Ambr. Trifida 
Orchard Grass 31.0 — Elliptical Dactyl. Glom. 
Corn 100.0 a _ M. Zea. 
Rye 55.0 Secal. Cer. 
res: 
0 
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Characteristics of Units for Generation of Solid Aerosols (Condensed) 


TABLE II 


Name Feeder Aeration Classification Feed Rate/Min. Remarks 
Principal Method Met! 
Kir Filter Institute wioving Horizontal Tray With Levelling Gear Venturi Throat None 1 gram Fly Ash 
ANP Tube re, by Hydraulic Piston into Sonic Jet Settling Chamber 1-75 grams Copper Oxide 
90 psi Air Line 
Atkins Screw Feeder to Recircl. Unit Ejector Recirel. by Fan 8 grams Pulv. Coal 
Bu, Mines Fluidized Bed from Solids Feeder Fan Cyclone 26 pounds /ft.* Pulv. Coal 
Bu. Mines Tube Elevated by Winch Into Spiralling Air Ejector Cyclone or Milligrams Respirator 
Strearn Settling Chamber Test Dusts 
Bu. Standards Rotating Gear with Tooth Reduced to Pitch Ejector Baffle 1 gram Fly Ash 
Circle. Grooves Fed by Gravity from Hopper : 
Colorado Tube Elevated by Screw, Dust Scraped Into Ejector Plenum and Milligrams Aluminum 
Spiralling Air Stream Filter Hydroxide Therapy 
Dust Shaker Oscillating Vibratory Screen, Air Stream None Low Toxicological 
40 to 60 Mesh Studies 
Farr Four Grooved Plate Moves Horizontally with Four Ejectors None 5 grams Fly Ash 
Levelling gear. : 
Geyser Powder in Small Chamber, Dispersed by Aspirator None 4 grams Lithopone Egg 
ir Jets Albumin, Kado~ 
Harvard No. 1 Air Dispersed From Vibrating Tube Air Stream Settling Chamber Milligram Silica 
Harvard No. 2 Revolving Dise Screen From Vibration Air Jet Under Disc Elut. Column grams Tale 
Feeder Blower Inlet Above Glass Sph. 
Harvard No. 3 Rotating 300 Mesh Screen Cylinder, Vibrated, |Aspirator From None 1000 particles Pollen 
Inside Lucite Container Bottom Tube 
Harvard No, 4 Rotating Turntable With Scraper, Fed From Ejector None pound Most dry 
Vibr. Feeder dusts 
Harvard No. 5 Small Screw Feeder, Variable Discharge Ejector None 300 milligrams Flake iron 
: Openings. To Moving Belt With Rotating powder 
Scraper to Adjust Height, Width Fixed by , 
Belt or Notches In Scraper 
Haskell Laboratory Pulsating Air Flow Through Material in Tube |Air Stream a Elut. -- — 
umns 
KAPL Rotating Steel Wire Brush Held Against Air Stream Impingement Micrograms Aluminum or 
Aluminum Metal Plate other solids 
Minnesota No. 1 Rotating Disc With Dust Ribbon Venturi Throat None 0.1 - 2 grams Fly Ash 
Minnesota No.2 Moving Horizontal Trough With Level Venturi Throat None Same Fly Ash 


st Layer 


New York State No. 1 Hopper Feed to Moving Belt, Dust Discharged |Air Stream Two Imping. nozzles, 0.1 - 2 grams Mineral and org 
From End into Hopper With Air Flow plus four Elut. test dusts 
Through Columns 
New York State No. 2 Hopper Feed to Vibrating Chute Ejector nent 3 pounds Most dry dusts 
ate 
Research Cottrell Funnel Feed To Plate In Horiz. Fan Air Stream and None _ Fly Ash 
Impeller Fan Blades 
Research Products Cees. Air Jet in Flask With Dust on Air Stream None 0. 1- 2 grams Fly Ash 
ttom 
Rotating Drum Rotating Drum With Friable Material. Air Air Stream None Milligrams Charcoal 
§$tream Passes Through 
SRI Moving Horizontal Vee Trough Glass Aspirator Settling Chamber Milligrams Carbon black; 
Powders 
Screw Variable Speed Stoker Screw, Or Wood Ejector _ — Most dry 
Auger 14” to 2” Powders 
Sonic High Freq. Vibration From Speaker Cone Air Stream —_ Low Many dry 
Directed At Dust Powders 
Texas Modified Bu. Mines Resp. Test Dust Feeder Ejector Cyclone — Antimony; 
j Sulfur 
Univ. Chicago No. 1 Vibrated Sintered 40 Mesh Glass Filter, Air Ejector None Milligrams Similar to 
: From Top to Bottom Dust Shaker 
Univ. Chicago No. 2 Multiple Impinging Nozzles Fed From Dust Air Stream Series Impinging Micrograms 
in Container Nozzles 
Vibratory Trough or Tray Pulsed By Electromagnetic Ejector -- Grams-pounds Many dry 
brator Powders 
Wright Rotating Packed Drum Moved Against Ejector None Micro-Milligrams | Pulv. Coal; Silica 
a Dust Entrained in Low Pressure & Lead Dusts 
r Stream 


physiological studies. Dynamic concen- 
trations are established in moving air 
streams by continuously dispersing con- 
stant amounts of material over long time 
periods. (A chamber may also be used 
for mixing or elutriation of dynamic 
concentrations to produce more uniform 
aerosols.) Continuous generation of 
aerosols is used for testing of most dust 
collection devices, for fundamental stud- 
ies of aerosol behavior under the action 
of collecting forces, for research with 
larger particles which rapidly settle out 
of static concentrations, etc. It is ap- 
parent that generation methods for 
static and dynamic systems may be quite 
different. 
Redispersion Methods for Generation 
of Solid Aerosols 
Redispersion of Dry Powders 
Redispersion of dry powders is prob- 
ably the most widely-used of all methods 
for producing ‘solid aerosols. Finely- 
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divided materials with a wide range of 
particle sizes, shapes, specific gravities, 
and surface characteristics are readily 
obtainable. A list of powdered materials 
which have been used as aerosols is 
given in Table I, A and B. (Tables I and 
II are condensed from reference 49.) The 
principal advantages of this method are 
that almost any amount of dust/unit 
time can be generated continuously and 
almost any material that can be powdered 
can be used. One of the major disadvan- 
tages of dry redispersion occurs because 
fine particles packed close together in 
the original powder will tend to agglom- 
erate and resist separation. Sufficient 
energy must be supplied by the dispers- 
ing mechanism to cause agglomerates to 
be reduced into their component par- 
ticles before being introduced into the 
test situation. This can be accomplished 


Air Pollution Handhook. Chap. 12. 
Graw-Hill Book Co., N. Y. (1956). 
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to a certain extent by proper dispersion 
equipment. 

Almost all dry powders will consist 
of particles of different sizes so that 
aerosols made from them will be hetero- 
geneous with respect to particle size, 
shape and specific gravity. The few 
methods which have been developed to 
produce homogeneous aerosols (i.e., uni- 
form in size, shape and specific gravity) 
are discussed separately. The methods 
described in this and the next section 
will ordinarily be expected to produce 
heterogeneous aerosols. 

Aerosol generators supply a controlled 
amount of the material to be dispersed, 
usually combined with some entraining 
air to carry it to the main air stream for 
dilution. Material must be provided at 
a constant and reproducible rate and if 
the entraining air stream is also used to 
reduce agglomeration, it may have to be 
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1. Air filter institute aerosol generator 


dr d and supplied at fairly high velo- 
cit. Most feeders employ ejectors (or 
oc isionally a stream of compressed air 
di: cted against the dust) by which dust 
is |rawn up into a jet of compressed air 
ar: subjected to high impinging and 
sh aring forces. It has been shown that 
hi: her air velocities in the jet will pro- 
di e a lower percentage of agglom- 
e: tes”, Agglomerates of several parti- 
cls have a somewhat lower density than 
th: constituent particles. Dusts with 
a endency to flocculate readily are fre- 
qvently very difficult to disperse to 
their component parts. As a general 
a.siom it might be anticipated that the 
stualler the ultimate particle size of the 
dust the less likely it will be to achieve 
this size by redispersion from a dry 
powder. 

Some crystalline materials will shear 
on being subjected to a high velocity 
air jet, and the remaining pieces will 
possess a significant electrostatic charge 
tending to cause agglomeration in the 
subsequent aerosol. Many plastic pow- 
ders will also acquire a high charge 


"R. Dennis. et al. Air Cleaning Studies, 
Progress Rept. July 1953-June 30, 1954. 
Rept. NYO-4608, Harvard Univ., 

*W. J. Sheffy. Properties of Aerosol Ag- 
glomerates. Fourth Air Cleaning Seminar 
for AEC Personnel. Argonne Natl. Lab. 
(Nov. 1955). 

* T. Olive. Solids Feeders. Chem. Eng. 59, 

163 (1952). 

W. B. Deichmann. A Dustshaker. J. Ind. 

Hyg. Toxicol. 26, 334 (1944). 


* L. S. Sonkin, et al. An Apparatus for Dis- 
persing Finely Divided Dusts. J. Ind. Hyg. 
Toxicol. 28, 273 (1946). 

F. B. Rowley and R. C. Jordan. Air Filter 

Performance as Affected by Kind of Dust, 

Rate of Dust Feed, and Air Velocity 

Through Filter. Heating, Piping and Air 

Cond., 10, 539 (1938). 

"M. W. First, et al. Test of “Fiberfrax” 
Ceramic Fibers for High Temperature Gas 
Filtration. Proc. 48th Annual Meeting, 
APCA (1955). 

*H. H. Schrenk. Testing and Design of 
Respiratory Protective Devices. U. S. Bur. 
Mines. Inf. Circ. 7086, (Sept. 1939). 
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trom the contact-separation mechanism. 
Whenever there is a possibility of un- 
usual charge production on an aerosol 
by a generation process, this effect 
should be included in the analysis of 
results determined with the aerosol. The 
degree of dispersion obtained with a 
generator will depend upon the nature 
of the dust to be used and it is fre- 
quently impossible to get complete 
separation. 

The simplest method for dispersion of 
dry powders consists of shaking the 
powder from a scoop into the moving 
air stream. Unless the particles are quite 
large this will not cause separation of 
agglomerates, and reproducibility of re- 
sults will be low. Several types of solids 
feeders used in chemical processes‘*) may 
be applied to provide uniform material 
flow, but these again may not guarantee 
adequate dispersion in the main air 
stream. An improvement on this method 
is available in the Deichmann Dust 
Shaker‘ which consists of a continu’ 
ously-rapped screen into which dried 
dust is placed with the main air stream 
flowing underneath. In a similar device” 
the dust is placed on a sintered glass 
surface, agitated with a stream of air, 
and passed to an ejector. 


Many generators use a compressed air 
ejector to remove dust from a moving 
trough, belt, turntable, or other constant 
feed device and cause it to be suspended 
in the expanding air stream. The ejector 
should be operated at pressures sufficient 
to attain high velocity (sonic if possible) 
at the point where the dust is introduced 
so that maximum particle separation will 
occur. A simple generator can be made 
with a vibratory feeder (Syntron) dis- 
charging directly into the pickup open- 
ing of an ejector. If the dust surface 
characteristics cause it to ball or clump 
in the vibratory feeder, another type of 
feeder may be required. 


Table II includes the characteristics 
of many solid aerosol generators includ- 
ing those discussed below. Fig. 1 shows 
a device consisting of a horizontal trough 
on a rack and pinion drive. A rotating 
gear levels the dust in the trough and an 
ejector picks up and disperses the dust 
beyond the gear. A similar unit uses 4 
grooves in a horizontal plate, with 
a dust-leveling gear and 4 ejectors. The 
feeder developed by the National Bureau 
of Standards, shown in Fig. 2,-consists 


®° W. H. Smith and R. B. O'Brien. Special 
Test of Aerodyne Dust Collector. Third 
Air Cleaning Seminar for AEC Personnel. 
Los Alamos Scientific Lab. (Sept. 1953). 

” B. M. Wright. A New Dust Feed Mech- 
anism. J. Sci. Inst. 27, 12 (1950). 
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of a rotating gear with special teeth fed 
from a small hopper. An ejector removes 
the dust from the valleys between the 
teeth by means of a diagonal pickup 
pipe. These generators are used pri- 
marily for resuspending the NBS test 
dust (for air conditioning filter tests). 


A turntable dust feeder used by the 
Harvard Air Cleaning Laboratory (for 
dust collector testing) is shown in Fig. 3. 
Material is fed from a vibratory feeder 
onto a slowly-rotating turntable; regu- 
lated to a constant width ribbon on the 
edge of the table by a scraper; and then 
passes to the pickup pipe of an ejector. 
This principle has been used by investi- 
gators of the American Society of Heat- 
ing and Ventilating Engineers‘ and 
others‘, 


A somewhat different feeding prin- 
ciple, used by the U. S. Bureau of Mines 
(for respirator testing)‘*, is shown in 
Fig. 4. A mechanically-driven column 
of dust is fed to a spiralling air stream 
at the top of the column, and the en- 
trained dust is fed to an ejector. Similar 
feeders have been developed by 
others‘*?), 

Several investigators have used the 
centrifugal action of a small fan or 
blower to disperse free-flowing dusts 
into an air stream when it was desired 
to reduce the static electrification of 
the aerosol produced in high velocity 
air jets. In Fig. 5, a horizontal revolving 
disc of fine screen carries material from 
a vibratory feeder to an _ elutriating 
column. Dust is projected into the column 
by the action of a small blower 
located at the top, in conjunction with 
a compressed air manifold below the 
revolving screen, and the fine particles 
are dispersed into the main air stream 
from the blower outlet. A rapper on the 
side of the column prevents excessive 


Fig. 2. National Bureau of Standards aerosol 
generator 
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dust accumulation’”. A device, used 

by Research-Cottrell“* for dispersing 

| free-flowing materials by fan action, is 

' shown in Fig. 6. It consists of a small 
squirrel-cage centrifugal blower mounted 
with its axis of revolution vertical and 
containing a horizontal circular plate on 
the inside of the impeller. A funnel 
placed above the center of the rotating 
plate feeds the dust down onto the plate 
and the action of centrifugal force and 
the inward-moving air cause the material 
to be carried out to the fan blades where 
it is dispersed. Material feed rate is con- 
trolled by the height of the funnel spout 
above the rotating plate. 


Combinations of several of the above 
methods may be required for dusts dif- 
ficult to disperse‘’®’. Continuous gen- 
eration of flake iron powder was accom- 
plished in this manner with the unit 
shown in Fig. 7. A special screw feeder 
made from a kitchen meat-grinder (with 
adjustable orifice plates located at the 
screw discharge) was used to feed pow- 

_der onto a narrow moving belt. A rotat- 
ing scraper blade controlled the width of 
the ribbon, and material was removed 
from the end of the belt by an ejector. 


As has been suggested by some of the 
applications above and those given in 
Table II, it may be desirable to separate 
large agglomerates (or even large par- 
ticles) by the use of intermediate size- 


™ L. Silverman, et al. Final Progress Rept. 
(Feb. 1, 1950). USAEC Rept., NYO-1527, 
Harvard Univ. 


* Personal Communication. 


* L. Silverman and I. L. Beauchamp. Open 
Hearth Stack Gas Cleaning Studies. Semi- 
Annual Rept. (SA-1) for Nov. 1, 1953 
to Apr. 30, 1954. Harvard Univ. 


Fig. Harvard turntable feeder-aerosol 


generator 


AUGUST 1956 


selective collecting devices. Elutriating 
towers (or settling chambers) are fre- 
quently used to control the size of 
aerosols. Cyclones, impingement units, 
screens, or coarse filters may also be 
used to cut off aggregate sizes. Since all 
of these have some collection efficiency, 
they would be expected to reduce the 
overall dust loading to a certain extent, 
which might be a drawback. 


Redispersions of Solids from Liquid 
Suspensions 

Dispersion of a colloidal suspension 
(Table I, D) may form a solid aerosol 
by drying the resulting liquid droplet. 
The solid material must be finely ground 
and may require a wetting agent or 
mechanical means to keer it in suspen- 
sion. A simple method for obtaining 
dispersion of fine liquid drops is to use 
a high pressure hydraulic (or pneumatic- 
hydraulic) spray nozzle. Any standard 
nebulizer, atomizer, nozzle, or paint or 
insecticide sprayer may be used but it 
is usually desirable to provide additional 
settling or jet impingement to eliminate 
coarse drops which may contain several 
particles (and which also tend to cause 
agglomeration). If the liquid is volatile 
(such as alcohol), it may be evaporated 


at ambient temperatures without any- 


additional heating. Water is frequently 
used so the mist must be evaporated by 
passing through a heated drying tube. 


Liquified gases are very convenient 
for spraying but their cost is usually pro- 
hibitive for large or extended experi- 
ments‘**), So-called aerosol spray bombs 


* L. D. Goodhue. Insecticidal Aerosol Pro- 
duction. Ind. Eng. Chem. 34, 1456 (1942). 


Fig. 4. Bureau of Mines aerosol generator 


(respirator tests) 
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-may be obtained which contain soluble 


Fig. 5. 


salts, dyes, ior insecticides in methyl 
chloride, freon, or other liquified gases, 

The techniques above are suitable for 
low dust concentrations. For higher con- 
centrations a Venturi atomizer™® or the 
Aerojet-Venturi® may be suppled 
with the dust in a liquid suspension. A 
large scale nebulizer-ejector using 24 
units in parallel has been developed'*” 
to supply salt crystals to large air vol 
umes and could also be used for colloi 4s. 

Information on atomization™® and a 
bibliography on spraying is availabie. 


2 
> 


Primary Formation of Solid Aerosol: 

Atmospheric dust is the most prevale at 
solid aerosol and is frequently used fr 
test purposes. Many methods of measi r- 
ing amounts of this aerosol by weiglit, 
stain, and count are in current use. V:r- 
iations in this dust occur with tine, 


weather, and industrial activity. A rece it Bi 
study of roughing filter performance? J” | 
correlated particle size with local activity. J} ™ * 
Atmospheric dust concentrations and cc 1 
proportions of particles over 1 p were pi « 
established by sweeping the floor around in ¢ 
the test unit at various rates. Filter ¢f- di 
ficiencies (by stain) showed a definite en2t 
relationship to the proportion of particls (ie 
greater than 1 » and thereby to degrce 4.0 
of local activity. BE 
Attrition able 
Many dusts may be produced for for 
laboratory investigations in the same - 
givi 
® E. W. Comings, et al. High Velocity Vap- : 
orizers. Ind Eng. Chem. 40, 74 (1948). = 
* R. M. G. Boucher. Sur le Functionnement a 
de 1 Epurateur a Microbrouillards “Aero- 
jet-Venturi.” Chaleur et Ind. 33, 363 a | 
(1952). lov 
™ L. Dautrebande, et al. Essai de Prevention ab 
de la Silicose. Union Miniere du Haut- in; 
Katanga (1954). as 
* R. A. Castleman, Jr. The Mechanism of of 
the Atomization of Liquids. Bu. Stan. J. sic 
Rsch. 6, 369 (1931). * 
* Pennsylvania State Univ., Dept. Eng. Re- 
search, Bibliography on Sprays. 2nd Ed. G 
Pub. by Texas Company Refining Dept., 
Tech and Rsch. Div., New York (1953). 
* See footnote 1, page 79. , 
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Fig 6. Research-Cottrell fan aerosol generator 


m: ner that they are produced naturally 
or industrially (i.e., friction, impact, ex- 
pk sion, etc.). Small hammer or impact 
mis used to crush or grind solid or 
ag lomerated materials can be supplied 
w: h air to draw off the fines generated. 
B: | or rod mills may be used by passing 
ai through them during operation. A 
rc ating drum filled with charcoal (in 
cc ijunction with an elutriation column) 
p: duced controlled dust concentrations 
in the range of 250 mg./m.* by varying 
di: im speed. For large scale testing, 
erergy mills‘? produce fine materials 
(:ear 1 p) in quantities sufficient for 
2:0 or more ft.* of air/min. A number 
o! companies produce laboratory or port- 
alle size-reduction equipment suitable 
fcr aerosol generation. Size reduction 
principles and applications have been 
given in a recent article’*”. 


Another attrition method”) uses a 
steel wire brush revolving rapidly 
against an aluminum plate to produce 
a solid aerosol. An impaction plate fol- 
lowed this device to collect particles 
above 5 uw. Scraping, brushing, or grind- 
ing of many materials is possible as long 
as the material and moving surface are 
of widely different resistances to abra- 
sion to prevent a 2-component aerosol 
with different properties. 


Combustion 


A large number of aerosols (Table I, 
E) are products of combustion of organic 
(usually) or inorganic (occasionally) 
substances. Aerosols produced by burn- 
ing organic materials are frequently liq- 


* C. H. Wheeler Co., Phila. 32, Pa. 


‘J. C. Smith. Size Reduction. Chem. Eng. 
59, 151 (1952). 


* J. J. Fitzgerald and C. G. Detwiler. Collec- 
tion Efficiency of Air Cleaning and Air 
Sampling Filter Media. KAPL 1088. Knolls 
Atomic Power Laboratory, Schenectady, 
N. Y. (1954). 
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SECTION A-A 


Fig. 6a. 


uid droplets at room temperature con- 
taining tarry hydrocarbons and carbon. 


The incomplete combustion of a gas 
such as acetylene‘**®) or city gas‘** will 
produce the familiar carbon black aerosol 
which is a long chain of agglomerated 
carbon particles. Discrete carbon par- 
ticles are very difficult to produce. Some 
liquids (benzene, etc.) will also produce 
carbon when incompletely burned. 


Metals may be burned by many pro- 
cesses, such as: sparking in a high volt- 
age arc; gas welding or flame cutting; 
or by combustion of metallo-organic 
compounds (lead tetraethyl, zinc ethyl, 
iron carbonyl). Lead tetraethyl may be 
volatilized into a natural gas stream and 
burned continuously to produce lead 
fume as done by the U. S. Bureau of 
Mines for respirator testing’**’. Iron 
pentacarbonyl vapor can be burned in 
a gas flame to yield spherical particles 
of iron oxide‘®, 


An increasing interest in uranium 
aerosols (from activities in the atomic 
energy industry) has led investigators to 
produce these by combustion of the 
metal. To achieve reproducible results, 
chips of uranium are fed slowly into an 
oxygen-argon gas mixture by a rotating 


* §. H. Katz. Generator of Fine Smoke for 
Direct Impregnation of Filter Paper Used 
in Gas Masks. U. S. Pat. No. 2,528,522 
(1950). 


* A. S. G. Hill. A Photoelectric Smoke 
Penetrometer. J. Sci. Inst. 14, 296 (1937). 


* U. S. Bureau of Mines, Approval Schedule 
No. 21, Procedure for Testing Filter Type 
Dust, Fume, and Mist Respirators for Per- 
missibility (1934). 


* C. E. Billings, et al. Open Hearth Stack 
Gas Cleaning Studies, Semi-Annual Rept. 
(SA-3) for Nov. 1, 1954 to April 30, 
1955. Harvard Univ. 
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13- DUST FEEDER 


Fig. 7. Harvard combination feeder-aerosol 
generator 


wire screen turntable‘*”. Uniform burn- 
ing occurs and aerosols from 0.05 to 0.2 » 
(geometric standard deviation 2.5 and 
3.1 respectively) can be produced by 
varying mixture ratio and gas flow rate. 


Metals that will sustain combustion 
spontaneously (such as magnesium) may 
be ignited to produce the metal oxide. 
Thermit and gas welding operations also 
produce metal fume aerosols. Inert-gas 
welding will produce a mixed aerosol 
containing the original metal with its 
oxides. Metal powders (lead, iron, etc.) 
have been injected into air-oxygen- 
acetylene flames to form aerosols for 
filtration studies‘*”’. The exothermic re- 
action of iron powder '*) in one case 
yielded irregular particles as opposed to 
spherical particles usually obtained. Most 
metal smokes from the above generators 
are in the size range 0.001 to 0.5 yp. 


Combustion of organic materials 
(tobacco, rosin, etc.) produces a useful 
aerosol for test purposes. Tobacco smoke 
generators for static clouds‘**’, respira- 
tor testing’*®’, and continuous large 
scale testing’*” have been developed. 


3 


See footnote 13, page 80. 

* P. LaTorre and L. Silverman. Collection 
Efficiencies of Filter Papers for Sampling 
Lead Fume. Arch. Ind. Hyg. & Occ. Med. 
11, 243 (1955). 

* P. Drinker and T. Hatch. Industrial Dust. 
2nd Ed. McGraw-Hill Book Co., N. Y. 
(1954). 

* §. H. Katz, et al. Dust Respirators, Their 
Construction and Filtering Efficiency. U. S. 
a Mines Tech. Paper No. 394 (1926). 

- W. First, et al. Performance of Wet 

Cell Washers for Acrosols. Ind. Eng. Chem., 

43, 1363 (1951). 

H. Glauberman and A. J. Breslin. The 

Generation of a Solid Sub-Micron Test 

Aerosol. Paper 43, AIHA Annual Meeting, 

Phila., Pa. (1956). 
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The particle size of the resulting aerosol 

_ is in the range 0.2 to 0.6 p, with air 

j concentrations about 100 mg./m.°. 

°| Molten metals or plastics from spray 

metallizing guns disperse into stable 
aerosols. Zinc, lead, iron, brass, and 
aluminum have been used to produce 
aerosols about 3 y in size. Plastics and 
inorganic (ceramic) frits may also be 
aerosolized by the flame spraying process. 
Equipment is available commercially and 
the techniques have been described 


Condensation 


Aerosols can be generated from many 
materials by heating to volatilization and 
then allowing the vapors to condense 
(Table I, C). Waxes or resins with 
reasonably low vaporization tempera- 
tures can be made into spherical or cry- 
stalline aerosols by this simple method. 
Several of the metal aerosols discussed 
in the previous section can be produced 
from a molten bath. In many cases the 
metals will oxidize (at the necessary 
high temperatures) and produce changes 
in the aerosol surface characteristics. 
Lead and zinc will condense as the oxide 
unless prepared in an inert atmosphere 
(nitrogen, etc.) in which case spheroids 
of the metal are produced Atomized 
mercury and tetramethyl lead have been 
treated with a mercury vapor lamp‘** 
to produce condensation aerosols. 


Evaporation of Liquid Solutions 

In the section above on wet redisper- 
sion of previously ground powders, it 
was indicated that there are many 
methods for producing a liquid spray. If 
the substance to be generated (salt, resin, 
etc.) is dissolved in a reasonably volatile 
solvent, the solution can be sprayed and 
dried to form a solid aerosol directly. 
The aerosol size will depend on the 
original liquid droplet size and the con- 
centration of the substance in the solu- 
tion. The final size of the solid will be 
equal to the original droplet diam. mul- 
tiplied by the cube root of the concen- 
tration. The number of droplets pro- 
duced/unit of time will be equal to the 
liquid volume feed rate divided by the 
average vol./droplet produced. If the 


* H. S. Ingham and A. P. Shepard. The 
Metco Metallizing Handbook. Metallizing 
Engineering Co., Long Island City, N. Y. 
5th Ed. (1951). 

" H. I. Miller, et al. Health Hazards in 
Metal Spraying. J. Ind. Hyg. Toxicol., 20, 
380 (1938). 

* R. G. Keenan and L. T. Fairhall. The 
Absolute Efficiency of the Impinger and 
the Electrostatic Precipitator in the Samp- 
ling of Air Containing Metallic Lead Fume. 
J. Ind. Hyg. Toxicol. 26, 241 (1944). 

“ P. Nagel, et al. Condensation Aerosols: 
Me-cury Fog and Lead Oxide Smoke. 

Kolloid Z. 107, 194 (1944). 


AUGUST 1956 


concentration from a single nozzle is too 
low, a multiple nozzle system may be 
‘required. An elutriation chamber or an 
impingement device should be used after 
the spray to remove coarse droplets, as 
indicated previously. 


Sodium chloride (and other salts) in 
water or methylene blue dye in alcohol 
have been used in this way 3), If 
the drying is rapid (as in the case of 
alcohol solvent) spheres frequently re- 
sult. When air-dried at room tempera- 
ture salts frequently yield cubic particles. 
By passing the spray droplets through 
a heated column and raising the material 
above the melting point, the resulting 
aerosol will fuse and become spherical. 
Sodium chloride, copper sulfate, and 
uranium oxide have been produced as 
spherical aerosols by this method. Hydra- 
tion of some Salts will gradually cause 
them to resume crystalline shapes (in 
about 24 hr. in the case of copper 
sulfate). 


In the spinning top aerosol generator 
a thin stream of liquid is allowed to run 
onto the center of a rapidly rotating 
solid disc. The liquid is discharged from 
the edge of the disc as fine droplets‘*” 
in 2 distinct categories; a major particle 
and a smaller satellite. Extraction of the 
satellite‘*®) leaves a uniform liquid spray 
and if it contains a soluble salt, dye, or 
resin in solution, can give a solid aerosol 
upon evaporation. In another case the 
extracted satellites were used by im- 
pinging the larger drops to produce a 
methylene blue aerosol of small size. 


Homogeneous Aerosols 


Research in the fundamental laws 
governing aerosol behavior under the 
action of various forces is facilitated by 
the use of aerosols with constant and 
controllable size, shape, and specific 
gravity. This not only simplifies the 
number of variables to be considered 
but makes the mathematical expression 


* W.H. Walton. The Methylene Blue Par- 
ticulate Test for Respirator Containers. 
Porton Spec. 1151. Chem. Def. Cent., 
Porton, Eng. (1940). 


* W. H. Walton. The Sodium Flame Par- 
ticulate Test for Respirator Canisters. Por- 
tion Spec. 1206. Chem. Def. Cent., Porton, 
Eng. (1941). 


* W. H. Walton and W. C. Prewett. Pro- 
duction of Sprays and Mists of Uniform 
Drop Size by Means of Spinning Disc 
Type Sprayers. Proc. Phys. Soc. (London), 
628, 341 (1949). 


K. R. May. An Improved 
Homogeneous Spray Apparatus. J. Appl. 
Phys. 20, 932 (1949). 


* A. T. Rossano, Jr. and L. Silverman, 
Electrostatic Mechanisms in Fiber Filtration 
of Aerosols. USAEC Rept. NYO 1594, 

Harvard Univ. (1955). 
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ot the relationships clearer (the varia- 
tions of parameter D indicating 1 par 
ticle size) is considerably more ap 
parent than variation of the complex 
expotential form required for a particle 
size distribution). Unfortunately it is 
difficult at present to generate homo- 
geneous solid aerosols, particularly in 
high enough concentrations to provide 
usable information in large scale tests. 

For most applied research and engin- 
eering investigations the techniques des- 
cribed above for heterogeneous aerosol 
production are more widely used, per- 
ticularly when it is desired to simulate 
naturally or industrially-occurring aer> 
sols. 


Homogeneous liquid aerosols are us- 
ually produced by 1 of 2 methods, bovh 
of which could be used for solids n 
liquid suspensions or for soluble salts, 
resins, etc. In the LaMer generator‘: 
a liquid is vaporized under close contrc |, 
allowed to condense on nuclei, and then 
caused to grow to the desired size in 
saturated vapor. This is adaptable ‘o 
solid substances which can be caused to 
sublime and condense on nuclei. Uni- 
form aerosols have been produced from 
oleic and stearic acid, triphenyl and 
trichresyl phosphate, rosin, menthol, 
ammonium chloride, lubricating oil and 
Aroclor. At present micro-crystalline 
waxes and volatile dyes are being in- 
vestigated by LaMer. This generator 
yields homogeneous particles in the 
range 0.2 to 10.0 ». Concentrations are 
in the range 1 to 10 mg./I. from the 
generator in 1 to 4 |./min. The aerosol 
must be diluted 10 or 100 times to pre- 
vent agglomeration. 

The spinning top (rotating disc) de- 
vice described in a previous section 
generates a homogeneous droplet with a 
smaller (less homogeneous) | satellite. 
If these contain a salt or resin in solution 
then evaporation of the solvent will leave 
a homogeneous solid aerosol. Drop sizes 
range from 15 yu to several hundred and 
the solid particle size is proportional to 
the cube root of the concentration. 


Dry or wet dispersal of uniform-sized 
particles may be used for homogeneous 
aerosols if care is taken in generation 
to remove or reduce all agglomerates. 
Colloidal suspensions of latex and resin 
particles have been made for calibration 
purposes in electron microscopy, etc., 
but are too expensive for general use. In 
order to use wet dispersal methods the 
solution must be quite dilute so that 


“ V. K. LaMer. The Preparation, Collection 
and Measurement of Aerosols. Proc. First 
Natl. Air Poll. Sym., Stanford Rsch. Inst., 
(1949); and D. Sinclair. Handbook of 
Aerosols. Chap. 6, USAEC. Wash., D. C. 

(1950). 
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each drop will contain only 1 particle, 
which limits the concentrations that can 
be used. Dry dispersion subjects particles 
to static electrification and this may pre- 
ven: reduction of agglomerates. 

Many bacteria are fairly uniform in 
size and in some cases are spherical in 
sha;e. These can be sprayed from solu- 
tions by nebulizers and other tech- 
nigves”. Pollens and spores are also 
use: occasionally. In either case the 
amounts that can be generated are quite 
sm:'! and offer complications in labora- 
tor handling and sanitation. A rotating 
cyl ndrical screen with mechanical im- 
pac. used to produce discrete pollen 
pa: icles is shown in Fig. 8. 

The use of sonic energy to redis- 
pe: -e dry powders is mentioned in Table 
II. A recent publication’®’ has sug- 
ges ed the use of ultra-sonic energy for 
the production of homogeneous aerosols. 
Pr. iminary investigation of the role of 
ph: sical factors such as vapor pressure, 
su: ace tension, viscosity, and generator 
fre uency in controlling size distribu- 
tic: of the aerosol has been accomplished 
an. the results are promising. 

“he major limitation of all of the 
ab: ve methods is that only small or 
limited amounts of materials can be 
generated which limits the maximum 
concentration available. For large air 
volumes the concentration would be 
quite low. 


Comparison of Redispersion and 
Primary Formation Methods | 

There are definite limitations in the 
generation of aerosols from previously- 
formed powders and in the direct or 
primary formation methods which have 
been discussed. In many cases it is de- 
sired to simulate aerosols found indus- 
trially (or naturally) which are a pro- 
duct of some primary formation process. 
When this is-done in the laboratory by 
redispersing a dry powder, the particle 
size may be quite different. 

This section compares some aerosol 
particle sizes produced by 2 generation 
methods from: 

(1) a chemical operation 

(2) vaporization of a metal, and 

(3) combustion of pulverized coal. 
Calcium Carbonate 


Precipitated pure calcium carbonate 
from a commercial supplier was redis- 
persed by the turntable feeder and air 
ejector shown in Fig. 3. This was used 


" T. Rosebury. Experimental Air-borne In- 
fection. Microbiological Monographs. Wil- 
liams and Wilkins Co., Baltimore, Md. 

(1947). 


“D. A. Fraser. Ultrasonically Produced 


Aerosols for Animal Experiments. Paper 
Annual Meeting, Phila. Pa. 
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screen pollen 


Fig. 8. Harvard rotating 


generator 


to test high efficiency dust collecting 
equipment‘*”) and particle size samples 
were taken from the air stream on Milli- 
pore filters. The mass median diam. of 
this test dust was 2.6 p (geom. std. dev. 
2.0). Electron microscope samples of the 
individual particles taken during manu- 
facture of the precipitate indicate an 
ultimate particle size of 0.03 or 0.04 
u'*). It is apparent that the powder did 
not become completely deagglomerated 
in passing through the single ejector 
stage. This calcium carbonate is made 
commercially by combining pure solu- 
tions of calcium chloride and sodium 
carbonate to yield an ultra-fine precipi- 
tate in a sodium chloride solution. Since 
this method yields the precipitate in 
discrete particles in a liquid, it should 
be possible to produce the calcium car- 
bonate as an aerosol by spray dispersion 
and drying of the liquid suspension. In 
order to avoid producing crystals of 
sodium chloride the salt in the liquid 
would have to be removed. Although 
this procedure was not used to produce 
a calcium carbonate aerosol, it was sug’ 
gested for this study. The primary draw- 
back was felt to be one of limitation in 
the amount of solid that could be made. 
Concentrations in the range of 100 to 
500 mg./m.* were required in large air 
volumes. 
Vaporized Silica 

In the production of silicon metal 
or ferrosilicon alloy, crushed quartz is 
melted at high temperature in an electric 
furnace. Some fume escapes around the 
electrodes to become airborne as a vap- 
orized silica aerosol (amorphous silicon 
dioxide). The particle size of this mate- 
rial has been found to be about 0.3 y“* 
and the electron microscope shows that 
these are agglomerates of many 
smaller particles‘*®. As in the case of 


” C. E. Billings, et al. Laboratory Perform- 
ance of Fabric Dust and Fume Collectors. 
USAEC Rept. NYO 1590, Harvard Univ. 
(1954). 

* Purecal in GR-S. Wyandotte Chemicals 
Corp., Wyandotte, Mich. 

“ L. Silverman and R. A. Davidson. Electric 
Furnace Ferrosilicon Fume Collection. 
AIMME Trans. 203, 1327 (1955). 
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other metal fumes (magnesium or zinc) 
the formation of the oxide apparently 
causes a rapid agglomeration. This aero- 
sol is collected in some cases and sold as 
a filler or extender. The commercial pro- 
duct was used to test a fabric dust filter. 
Material from the shipping bag was 
found to be quite coarse and gritty. This 
was aerosolized with the generator in 
Fig. 3, recovered from the dust collector, 
and regenerated about 10 times. At the 
end of this period the material showed 
a significant decrease in apparent bulk 
density and felt very light and fluffy. 
The several successive aerations produced 
a powder very similar to that collected 
from the actual electric furnace opera- 
tion. It was estimated that the particle 
size of this reworked powder was about 
0.4 p. Resistance of the filter cake to air 
flow at the end of the period was sig- 
nificantly above that at the start, in- 
dicating a decrease in particle size in 
the cake (using the Kozeny specific re- 
sistance concept). 

Fly Ash 

Fly ash from the Cottrell precipitators 
of public utility plants has been fre- 
quently used as an aerosol. (The 
National Bureau of Standards filter test 
dust is obtained in this way.) The ash 
is resuspended with air ejectors (and 
dust feeders) described in a previous 
section, where it was indicated that the 
air velocity in the ejector was of some 
importance in breaking up agglomerates. 
In order to further investigate the re- 
lationship between the normal produc- 
tion of a fly ash aerosol and the labora- 
tory resuspension, samples of the re- 
suspended aerosol were compared with 
the aerosol from the direct combustion 
of pulverized coal. 

A particle size analysis of the NBS 
test aerosol (from a Millipore filter 
sample) indicated a mass median diam. 
of 10.0 » (geom. std. dev. 2.73) when 
resuspended with the generator shown 
in Fig. 3. 

Pulverized coal was burned at a uni- 
form rate by dropping it from a vibra- 
tory feeder into a carbon arc located at 
the base of a chimney‘*®’. The resulting 
fly ash aerosol appeared to be the same 
as that from resuspension of collected 
material. The particle size of this aerosol 
was approximately 8.0 mw (geom. std. 
dev. 3.5). Efficiency of a centrifugal 
collector tested with both aerosols was 
slightly lower with the freshly generated 
fly ash, which was believed to be due 
to a lower percentage of agglomerates. 


* M. O. Sem and F. C. Collin. Fume Prob- 
lems in Electric Smelting and Contributions 
to Their Solution. Proc. 48th Annual 
Meeting, APCA (1955). 

“ Harvard Univ. Air Cleaning Laboratory, 
Unpublished data (1956). 
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A Study of the Effluents From Back-Yard Incinerators* 


J. E. YOCOM, G. M. HEIN, AND H. W. NELSON 


Those who have studied the smog 
problem in the Los Angeles area are 
generally agreed that back-yard incinera- 
tors are important contributors to the 
over-all air-pollution problem. How- 
ever, they cannot agree as to the exact ex- 
tent to which this type of refuse disposal 
contributes to smog. Certainly the burn- 
ing of a heterogeneous mass such as 
household trash under a variety of com- 
bustion conditions can be expected to 
emit an extremely complex mixture of 
products, many of which are highly re- 
active. It is reasonable to assume, there- 
fore, that compounds originating in in- 
cinerator effluents are capable of enter- 
ing into smog-forming. reactions. 

The results of studies by the Los An- 
geles County Air Pollution Control Dis- 
trict and Stanford Research Institute (*) 
have indicated that a substantial portion 
of the effluent from back-yard incin- 
erators can be classed as organic ma- 
terials. In order to obtain more informa 
tion as to the nature of these effluents, 
the Air Pollution Foundation sponsored 
a 1 yr. research program at Battelle 
Memorial Institute. This paper describes 
the work which had as its objective the 
determination of the amounts of various 
materials emitted from a typical back- 
yard incinerator, with special emphasis 
on the analysis of the organic fraction 
of these effluents. 


Equipment and Procedure 
Operation of the Incinerator 
An incinerator, typical of those used in 
the back yards of Los Angeles, was built 
and set up in the laboratory for this 
study. Auxiliary equipment for the 
measurement of burning conditions and 
the collection of effluent from the in- 
cinerator was installed in a manner that 
would not interfere with the normal op- 
erating characteristics or draft of the 
incinerator. A mixture of paper, grass 
clippings, hedge trimmings, and similar 
materials commonly burned in the back- 
yard incinerators in the Los Angeles area 
was used for the incinerator tests. 


Fig. 1 shows a sectional view of the in- 
cinerator. Constructed of firebrick, it 
had a capacity of 6 ft.* between the grate 
and the door sill. Air for combustion of 


© Air Pollution Foundation, Report No. 2, 
“Combustion and Smog.” 

* Presented at the 49th Annual Meeting of 
oO held at Buffalo, N. Y., May 20-24, 
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Battelle Memorial Institute 
Columbus, Ohio 
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Fig. 1. Sectional view of the typical back yard 
incinerator built for use in this study 


the charge entered under the grate 
through a draft tube that housed the 
sensing element of an anemometer. The 
temperature of the effluent gases was 
measured in the short stack at the top 
of the incinerator, and samples of the 


gases were withdrawn near the top of 


the stack. 

Fig. 2 is a photograph of the incinera- 
tor and auxiliary equipment used in this 
study. The incinerator is in the fore- 
ground, with the air-inlet duct and air 
meter to the bottom left. One version 
of the sampling train is at the right of 
the incinerator and the instruments for 
recording the draft and the temperature 
of the effluent are in the right back- 
ground. 


Table I shows the composition of the 
standard charge mixtures burned in the 
incinerator. During the summer months 
a greater variety of green vegetation 
became available locally and mixture A 
was replaced by mixture B which was 
more representative of the refuse burned 
in the Los Angeles area. The most sig- 
nificant phase of the study was con- 
ducted with mixture B. 


Table II shows the test charge and 
combustion data for each of the samp- 
ling runs. Each charge was ignited at 
the top and burning was usually intense 
at the start of a run. As the paper and 
easily-ignited materials were consumed, 
the charge smouldered and at times re- 
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quired reignition. The effluent contained 
visible smoke except for the short periods 
of rapid burning. Although care was 
taken in loading each charge to obtain 
the same distribution of paper and ve:ze- 
tation throughout the charge, and the 
same degree of packing, the results show 
a wide range in burning time, air-fuel 
ratio, and temperature of the effluext. 

In order to relate the volume of -f- 
fluent produced to the quantity of 
charge burned in the incinerator, the 
assumption was made that the volume of 
effluent was the same as the volume of 
air required for combustion, when vl 
umes were corrected to normal ten 
perature and pressure. The flow rate 9f 
air for combustion was measured ccn 
tinuously with an anemometer locat:-d 
in the intake duct as shown in Fig. 1. 
The total volume of air supplied in ea:h 
sampling run was divided by the weigat 
of charge to obtain an average air-fvel 
ratio which was then used as the bacis 
for expressing the analytical results in 
terms of pounds of material in the ef- 
fluent/ton of charge burned. Averaze 
air-fuel ratios were also used for the 
results of grab samples, as the specific 
air-fuel ratio during different periods 
of a test run was not known. 


Development of Equipment and 
Sampling Procedure 

During the first 5 sampling runs ef- 
forts were made to collect samples of 
normally gaseous and normally liquid 
materials from the effluent in a conven: 
tional laboratory freeze-out train whose 
traps were connected in series and main’ 
tained at successively lower temperatures 
with ice, dry ice, and liquid nitrogen. 
The capacity for flow in these traps 
was only a few l./min., and dif- 
ficulties occurred repeatedly from the 
accumulation of ice in the small-sized 
glass tubing. 

In the analytical phase of the work 
it was found that relatively large samples 
of the total would be required for de- 
veloping a chemical separation technique. 
Therefore, the entire sampling train was 
rebuilt to permit sampling at peak rates 
of flow up to 5 cfm. Trials with the 
larger sampling train during runs 6 and 
7 indicated the need for further modi- 
fications which were then made. During 
runs 8 through 10 the sampling train 
was operated at an average flow rate of 
about 3 cfm. with some difficulty from 
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pluyging of the filters. For this reason, 
additional filter capacity was installed 
for runs 11 through 14. In each series 
of runs, 8 through 10, and 11 through 
14, a sample of condensate was com- 
pos ted in the freeze-out train. 

I:g. 3 shows a view of the sampling 
trai in its final form as it was used in 
run; 11 through 14. The containers for 
the cooling baths were lowered for this 
ph ograph to expose the freeze-out 
tra‘ 

', order to collect a representative 
qu atity of condensate from a series of 
rus, a sample of effluent was drawn 
th: ugh the train at a rate proportional 
at il time to the rate at which the ef- 
fl. nt was discharged from the incinera- 
to: This was done by manually regu- 
lat ag the sample flow rate in accord- 
an e with the fluctuations indicated by 
th. anemometer. The diameter of the 
sa’ 1pling probe was such that isokinetic 
sa .pling conditions were provided. In 
ruis 11 through 14, 888 ft.° of ef- 
fli ent, which represented 5.9% of the 
to'al effluent, was passed through the 
sa ipling train at an average flow rate 
o! 2.5 ft.8/min. 

Fig. 4 is a diagram of the sampling 
t: in. With the exception of the stain- 
less steel probe, the train was fabricated 
fiom Pyrex glass. The minimum size of 
giass tubing used in the traps and con- 
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Fig. 2. The backyard incinerator and testing equipment 


TABLE I 
Composition of “Standard” Change Mixtures 
Charge Charge 
Mixture “A” Mixture ““B” 
Jo by Wt. % by Wt. 

Newspapers 25 25 
Cardboard 5 5 
Rags 1 1 
Grass Clippings 0 10 
Fresh flower cuttings 55 17 
Tree branch trimmings 0 20 
Hedge trimmings 0 20 
Scraps of wood 14 2 


necting tubing was 15 mm. 

As much water vapor as possible was 
removed from the gas sample in the liquid 
state in ice traps 1 and 2 by providing 
reserve cooling capacity to maintain exit 
gas temperature close to 0 C. A short 
column of Raschig rings was included 
in the second trap. Traps of larger bore 
were found to be necessary in the next 
section of the train to avoid plugging. 
It was also believed that gradual cooling 
would minimize the formation of small 
crystals of ice which were difficult to 
filter. Accordingly, trap 3 was main- 
tained at an intermediate temperature 
of about -29° C, which gave exit gas 
temperatures of from -10 to -20° C. A 
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glass rod in the form of a helix was used 
in each U trap. 

The second U trap, shown as No. 4, 
was maintained at dry-ice temperature. 
It contained a filter which had sufficient 
area to accumulate the ice and tarry 
material from an entire sampling run. 
The filter consisted of a 10-in. length 
of perforated glass tubing, 1 in. in 
diameter, which was wrapped with a 
1/, in. layer of Pyrex glass wool. The 
temperature of the gas sample at the exit 
of this trap was about -60°C. 

The final trap in the train was a coil 
trap having a filter section containing 
Pyrex glass wool. Exit gas temperatures 
in this trap were from -65 to -70°C. A 
reheat coil was used to obtain gas at 
room temperature for measurement in a 
rotameter. The maximum pressure loss 
in the train was 3 in. of mercury. 

During the entire period of time that 
a series of runs was in progress, the last 


coil trap, 5, was held at the temperature - 


of dry ice. After each sampling run in 
the series the train was sealed, and trap 
4 was brought to room temperature be- 
fore replacing the glass wool filter. The 
filter with its condensate was stored in 
a refrigerated container and became a 
part of the composite sample at the end 
of the series of runs. 


In addition to the use of a freeze-out 
train for sampling and concentrating the 
materials in the effluent, direct deter- 
minations were made of certain materials 
in the raw effluent. In these instances, 
grab samples of the effluent were drawn 
into evacuated flasks or directly into the 
instrument. These methods, together with 
the analytical procedures, are discussed 
in the following section. 


The Analysis of Incinerator Effluents 

In studying the types of materials 
that are emitted from a back-yard in- 
cinerator, the effluents were considered 
generally to be either normally gaseous 
or normally liquid, although considerable 
overlap of compounds between the 2 
categories could be expected. 
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TABLE I 
Summary of Test Conditions and Data For The Sampling Runs 


We. of | Standard Average Burning Temperature 
Run | Date | Charge, Charge | Air-Fuel Ratio,|) Time of effluent 
No. | -1955 lb. Mixture“ cu. m./Ib. min. Average F | Maximum F 
1 1-25 17.4 A —- 180 900 
2 2-3 18.2 A we 100 230 1200 
3 2-17 20 A 14.7 174 170 825 
4 2-19 38.2 A 
5 2-21 30 A 6.8 168 230 625 
6 4-6 20 A 900 
7 4-28 20 A — —- —- 950 
8 4-29 20 A 8.7 125 180 670 
9 4-29 20 A 5.6 79 230 475 
10 5-3 20 A 6.7 93 220 450 
11 5-24 20 B 6.7 131 190 810 
12 5-25 20 B 6.6 113 220 620 
13 5-26 20 B 3.1 48 380 880 
14 5-26 20 B 5.0 64 } 290 860 
15 7-5 20 B 10.4 140 210 700 
16 7-7 20 B het 210 190 570 
17 8-4 20 B 7.4 98 330 1110 
18 8-23 20- 4 6.5 103 410 1300 


() A and B are the “standard” charge mixtures shown in Table I. 


Analysis of Gaseous Products by 
Infrared Spectral Analysis 


Materials Collected 
Traps 


A limited amount of information 
on the composition of incinerator gases 
was obtained by use of the infrared spec- 
trometer for analysis of gases collected 
by condensation in a liquid-nitrogen- 
cooled trap during run 2. Other than 
CO., the materials identified were 
methyl alcohol, acetaldehyde, and car- 
bonyl sulfide. Rough values for concen- 
trations could be estimated only for CO, 
1%), methanol (20 ppm.), and acetal- 
dehyde (90 ppm.). These results could 
be considered only as first approxima- 
tions. 


in Freeze-out 


The major effort in the over-all samp- 
ling program was expended in gathering 
large samples of materials condensed 
from the incinerator effluent by means 
of a large-scale freeze-out train. In order 
to have available for analysis as much 
condensate as possible, the condensates 
from several runs were composited in 
the freeze-out train. Because of the high 
rate of sampling (about 3 cfm.), the use 
of a final liquid-nitrogen trap for the 
total condensation of some of the gases 
was not practical. Since the final traps 
in all variations of the freeze-out train 
were cooled with dry ice plus some sol- 
vent, some of the normally gaseous con- 
stituents were condensed out in these 
traps. After completion of a series of 
sampling runs, the sampling train was 
connected in series to a small Shepherd 
trap followed by a vacuum pump. The 
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trap was cooled by immersion in liquid 
nitrogen, and was maintained at reduced 
pressure to prevent the condensation of 
oxygen from residual air in the traps. 
The sampling train was then brought 
slowly to room temperature, and held 
there for about an hour while the vapors 
evolved were condensed in the cooled 
traps. 

The gaseous materials evolved from 
the composited condensate from runs 8- 
10 and runs 11-14 were studied sepa- 
rately by infrared absorption techniques. 
These analyses provided only qualitative 
data as to the types of normally gaseous 
materials which could be condensed in 
a dry-ice-cooled freeze-out trap. Gases 
from these runs showed the presence of 


fay 


Fig. 3. The train of freeze-out traps used or 
collection of condensate 


acetone, methanol, benzene, and an est:r, 
probably ethyl, propyl, or n-butyl aceta‘e. 


Analysis of Raw Incinerator Gas’s. 


The most fruitful use to which infrar 2d 
analytical techniques were put in this 
work was in the analysis of raw incin 
erator gases which had been collected in 
evacuated bulbs. This technique was usd 
in runs 16 and 17. 


In collecting samples for these analyses, 
evacuated gas bulbs of various capacities 
were allowed to fill with incinerator 
gases. A sufficient number of bulbs we-e 
used to permit the grabbing of samples 
several times during the incinerator runs. 
The contents of these bulbs were then 
drawn into an evacuated in 
frared cell. The pressure in the cell was 
adjusted in accordance with the volume 
of the sample. In general, the concen- 
trations of specific materials which could 
be identified were estimated from the 
intensity of the absorption bands and the 
pressure of the cell. 


Somple probe 
in stock 
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Fig. 4. Diagram of freeze-out train 
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Table III shows the results of the in- 
frared analysis of samples of raw incin- 
erator gas collected in evacuated samp- 
ling bulbs during run 17. 

Most of the data were obtained on 
the spectra of the raw gases as expanded 
from each of the bulbs into the 1-m cell. 
To confirm the presence of materials 
identified in this way, and to search for 
ac litional compounds, the gases from a 
series of bulbs were composited by con- 
desing in a liquid-nitrogen-cooled trap, 
an then re-expanded into the cell in a 
mre concentrated form. Because of losses 
in -he condensing operation, the amounts 
of all new materials which were identi- 
fic 1 after this treatment (a—olefin and 
ce bonyl sulfide) were undoubtedly less 
th n in the raw gas sample. Some of the 
cc aposite samples were passed over 
A carite to remove CO, which masks a 
portion of the spectrum. Only in this 
w.y was it possible to identify benzene, 
wich otherwise would have been un- 
tected. The concentration shown is 
much less than that which would be ex- 
p cted in the raw gases because of ex- 
cessive losses in this procedure. It was 
nt possible to estimate the extent of 
benzene losses; however, it was noted 
tlat approximately 24 of the acetylene 
wis lost in the condensing operation 
while another 1/6 of it was lost in the 
Ascarite treatment. One would expect a 
much more efficient recovery of benzene 
in the condensation operation because of 
its lower vapor pressure. It is reasonable 
to assume that the benzene concentration 
in the raw gases is probably in excess of 
(0.003%. The recovery of methanol in 
the freeze-out trap was satisfactory, since 
the figures based on the liquid phase 
agreed well with those found in the gas 
phase. 

Fig. 5 and 6 are infrared spectra from 
2 typical samples of this type. Fig. 5 is 
the spectrum of the first bulb sample 
taken during run 17, and Fig. 6 is the 
spectrum of the composite gases taken 
in the first group of samples after con- 
densation in liquid-nitrogen-cooled 
trap. It will be noted that the peaks for 
condensable materials are intensified 


TABLE III 


Results of Infrared Analysis of Raw Incinerator Effluent Sampled in Evacuated Flasks 
During Run 17 and Examined in a 1M Cell 
Emission, 
Material Concentration Ib./ton 
Identified mg./m.* of charge 
of effluent burned 
Methanol 290-720 9-23" 
Ethylene 250-1870 8-61 
Acetone < 260 <8 
Methane 1,500-4,600 50-150 
Carbon monoxide 16,000-30,000 530-1000 
Acetylene <.120-1850 <4-6 
g—olefin (as propylene) <190 <6 
Carbonyl sulfide >80 >3 
Benzene» >105 


‘®) The concentrations of these materials could be estimated only after their concentration in a liquid 
nitrogen cooled trap. Results shown are probably minimum values. y 
(>) Because CO, masked the spectrum, benzene could not be estimated in the raw gases. Determination 


was made after passing the gases through asarite. In this treatment, considerable loss of benzene 


could be expected. 


after condensing and compositing, but 
many of the extremely light materials 
such as methane and carbon monoxide 
were lost in this treatment. Because of 
the extreme complexity of the effluent 
mixture, the estimation of total hydro- 
carbons on the basis of the C-H stretch- 
ing band intensity was not felt justified. 


Chemical Analysis of the Normally 
Liquid Portions of the Effluents 


Once a considerable amount of mate- 
rial had been accumulated in the freeze- 
out train by combining condensates from 
a group of runs, the normally gaseous 
materials were removed by volatilizing at 
room temperature into a liquid-nitrogen- 
cooled trap for subsequent infrared an- 
alysis. This procedure was described 
earlier. The resulting condensate along 
with water and ether trap washings was 
examined by an organic chemist. 


The first attempt at studying these 
normally liquid organic materials was 
made on the combined condensates from 
runs 4 and 5 which amounted to 255 ml. 
of collected material from 285 ft.* of 
incinerator effluent. Most of the con- 
densate consisted of water, and only 
about 2 ml. of the organic fraction could 


Fig. 5. Infrared absorption spectrum of raw gases from backyard incinerator run no. 17 
(7 to 9 min. after starting test) 
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be recovered in extractable material. 
During the course of the analysis certain 
of the components gave positive tests for 
aldehydes and ketones and for phenols. 
The 4 extracts from the different treat- 
ments were each examined by infrared 
spectroscopy. The spectra of these sam- 
ples showed them to be extremely com- 
plex mixtures; however, there was evi- 
dence for one or more acids, alcohols, 
and phenols. It was obvious from this 
preliminary work that larger samples of 
condensate and an improved separation 
technique would be required. 

An improved version of the separation 
scheme was tried on the combined total 
condensates from runs 8-10. The starting 
material consisted of 960 ml. of aqueous 
condensate and 890 ml. of ether wash- 
ings. This amount of condensate was 
based on 833 ft.* of incinerator effluent 
passed through the system. The organic 
portions of the condensate were extracted 
as basic, neutral, phenol, and acid frac- 
tions which measured 1.5, 19.5, 2.5, and 
6.0 ml., respectively. Attempts were 
made to distill each of these fractions at 
reduced pressure, but considerable de- 
composition was evident. Except in the 
case of the neutral fraction which dis- 
tilled more readily, recoveries were less 
than 50%. The infrared spectra of the 
distilled fractions led to the identifica- 
tion of acetic acid, and gave some evi- 
dence for the presence of guaiacol, but 
generally the group separations were not 
sufficiently clean-cut to permit isolation 
of specific groups of compounds. The 
neutral fraction contained considerable 
amounts of phenols, although the alka- 
line extraction procedure was intended 
to remove them. The odor of the basic 
fraction would lead one to suspect the 
presence of pyridine or substituted pyri- 
dines; however, the infrared spectrum of 


Vol. 6, No. 2 


4 
‘or 
| 
5, 
this 
d in 
yses, 
ities 
were 
ples 
uns. 
hen 
Wis 
ime 
sen: 
the 
the 
| 
| if 
| 
| 
Wovelengih, microns 


this fraction showed no real evidence 
for this type of material. On the basis of 


this experience it was believed that steam 


distillation instead of continuous solvent 
extraction would prevent some of the 
decomposition of fractions on distilling, 
-and permit cleaner separation of the 
fractions. 

Fig. 7 shows the improved scheme of 
analysis used to treat the 1245 ml. of 
liquid condensate plus washings collected 
from 888 ft.* of incinerator effluent in 
runs 11-14. This scheme gave measur- 
able amounts of several classes of organic 
compounds separated from the total con- 
densate. The ether washings were con- 
centrated by distilling to a head tem- 
perature of 47 C and discarding the dis- 
tillates. The residue was combined with 
the freeze-out trap condensate and the 
water washings. After acidifying the 
mixture with HCl to pH < 2, it was 
distilled until only one phase appeared 
in the distillate. The distillate was then 
continuously extracted with ether, and 
the extract was concentrated to remove 
the solvent. The solvent-free material 
weighed 20.5 gm. and was submitted for 
chemical analysis of titratable acidity 
(3.8 gm. as acetic acid), carbonyl (0.1 
gm. as formaldehyde), and phenols 
(9.0 gm. as phenol by ultraviolet spec- 
troscopy). 


Table IV lists the results of these 
analyses as rates of emission based on 
the volume of gases evolved and on the 
amount of material burned. The value 
for aldehydes shown cannot be com- 
pared with any other figures shown in 
this paper for these compounds because 
of the loss of low-boiling materials dur- 
ing the sampling and subsequent chemi- 
cal treatments. As would be expected 
from the combination distillation-com- 
bustion process using wood and vege- 
table products, the amount of phenols in 
the incinerator effluent is substantial. 

During the analysis of the conden- 
sates from runs 11-14, the basic fraction 
was accidentally lost and could not be 
analyzed further. This fraction was an 
evil-smelling mixture reminiscent of 
nitrogenous and amine substances, but 


TABLE IV 
Analysis of Normally Liquid Fraction of Condensate from Runs 11-14 


Materials Analyzed 


mg./m.* 
For of Effluent 


Lb./Ton 
of Charge Burned 


Aldehydes and ketones 3.8 


as HCHO by titration 
Titratable acidity as 151 

acetic acid 
Phenols as phenol by 

ultraviolet 


0.09 


3.6 


8.4 


could not be identified. 


Analysis of Effluent Materials Collected 

in Evacuated Flasks 

A method of analysis similar to that 
employed by the Stanford Research In- 
stitue’?) to study incinerator effluents 
was used to make direct determinations 
of ammonia, oxides of nitrogen, and 
aldehydes in runs 15-18. In these tests, 
reagents were placed in separate 5-gal. 
bottles which were then evacuated to a 
pressure of about 5 in. Hg. The reagents 
consisted of 2% H,SO, for ammonia, 
1% KOH and 1% H.O, for oxides of 
nitrogen, and 1% NaHSO, for alde- 
hydes. After obtaining the samples 
of incinerator effluent, the bottles were 
rolled and shaken intermittently for 
about 1 hr., after which each reagent 
was removed and submitted for analysis. 


Table V gives the complete results of 
samples taken by this method during 
runs 15-18. The values shown for am- 
monia, ranging from 28 to 84 mg./m.° 
of effluent, are in reasonable agreement 
with the results shown in the Stanford 
report; 3 and 100 mg./m.® for paper and 
grass clippings, respectively. The higher 
concentrations were found during the 
later stages of burning, after the paper 
in the mixture of refuse had burned 
away. 

The values obtained in these tests for 
the concentration of aldehydes, ranging 
from 182 to 1960 mg./m.° of gases, are 
considerably higher than the Stanford 


Third Interim Report on the Smog Prob- 
lems in Los Angeles County, Stanford Re- 
search Institute, pp. 43, 44, and 59 (1950). 
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Fig. 6. Infrared absorption spectrum of raw gases from backyard incinerator run no. 17 
(a composite of gases after concentration in a liquid-nitrogen-cooled trap) 
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results, which showed values of 0 
mg./m.* for paper and 125 mg./m.° for 
grass clippings. In addition, the prese it 
work indicates that the production of 
aldehydes is greater while the paper a: d 
easily combustible portions are burnii g 
at an early stage of the test, as shown 
by the results of the analyses for ald ~ 
hydes of successive samples during ‘run 
18. This could be the result of progre x 
sive changes in the type of material r- 
maining in the incinerator and chang:s 
in burning rates and temperatures in tl e 
incinerator. 

The extremely low concentrations « f 
oxides of nitrogen found in this work 
are at variance with results of the earlicr 
work done by the Stanford Research 
Institute and others which showed tle 
concentration of oxides to be 13 or more 
mg./m.*° No explanation can be givea 
for this difference. 


Discussion of Results 

Table VI summarizes the analytical 
data obtained during the course of this 
investigation, expressed as ranges of con- 
centrations of the materials found in the 
effluent gases. The use of single average 
values for the concentrations does not 
appear to be justified because of the 
large variations in the values obtained at 
different periods of a single test occa- 
sioned by changing burning conditions, 


Water washings 


Ether washing, 
(1245 mi) (040 mi) 


Distul off 
solvent 


Acid distillate (20.5 g) 
analyze for 


phenols, carbonyl, 
acids 


Fig. 7. A flow diagram showing the method 
of treating the combined condensates from 
runs 11-14 
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water, ere added together, a minimum- 
maximum range of 82 to 407 lb. of 
= __Analysie of Samples of Raw Incinerator Effluent Collected in Evacuated Flasks material/ton of refuse is obtained. This 
Test Sampling Time | Mg./m? is a fairly wide range, but cannot be 
Run After Start of | Meter of | Lb./Ton fixed more exactly without securing addi- 
No. 3 Run, min. Effluent | of Charge tional data. Earlier estimates of organic 
material have shown values of 145 lb. 
Ammonia (may include some 15 9-11 48 “ of organics from incineration of a ton 
‘ow mol, wt. amines) 30-34 . of paper, and 415 lb./ton of grass clip- 
41-45 : pings. All of these figures are in the 
16 5-9 : same general range of values. 
35-37 : In addition to providing estimates of 
17 711 d the ranges of various classes of organic 
45-47 : compounds to be found in incinerator 
Average 3 effluents, this work has emphasized the 
10-14 extreme complexity of incinerator gases. 
39-43 It has also pointed out the need for more 
12-14 work toward identifying the chemical 
47-49 nature of this form of pollution as a 
6-10 means of assessing its importance in the 
16-20 entire smog problem. 
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age value for aldehydes is higher than Carbonyl sulfide | >80 - 
previously reported, but that for ammonia Benzene >105 
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condensate contained appreciable quan- Esters | Present Present Ditto a 
tities of organic acids (determined as Guaiacol Present | Present Infrared analysis of liquid 
acetic acid) and phenols. Carbo id | 

If the weights ad materials, niall ding rbon monoxide recent haa 197-990 | Infrared examination of raw 


effluent 
carbon monoxide, carbon dioxide, and 


:ydes as HCHO 16 
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The gas industry has been making a 
major contribution toward reduction of 
air pollution in many cities for many 
years, by supplying a clean-burning fuel 
for residential, commercial, and indus- 
trial heating and water heating. Possibly 
for the United States as a whole, this is 
the greatest single factor in the reduction 
of air contamination. The increasing air 
pollution problem of smog in the West, 
smaze in the Northeast, dust fall in the 
Midwest, industrial manufacturing ef- 
fluents in the Gulf Coast Area, and all 
of them aggravated by a certain amount 
of temperature inversion appear to be 
the result of contributions from many 
other sources. The. London, England 
Committee on Air Pollution appointed 
after 4,000 people were killed by the 
killer fog in December, 1952, reported‘ 
that “the most serious pollutants were 
smoke, sulfur dioxide, carbon monoxide, 
and grit. The domestic fire was reported 
to be the biggest single smoke producer.” 
Those who have witnessed the conver- 
sion of residential heating in this coun- 
try to natural gas will agree with this 
statement. Cleaner air and cleaner living 
conditions are provided by this change- 
over. The advantages of gas fuel in this 
respect were listed in my paper‘? before 
a section of the American Chemical 
Society in 1941. 


Another contribution toward reduc- 
tion of air pollution is being developed 
by the gas industry. This is the new 
' smokeless, odorless, fly ash free, domes- 
gas-fired incinerator. Some day 
domestic gas incineration may be con- 
sidered as an important companion to 
gas heating and air conditioning. 


* Smog Scramble Spans Nation. Chem. & 
sl Eng. News, 32, 1113 (March 22, 1954). 


& * F. E. Vandaveer and W. L. Jones. City 
: Gas—The Ideal Smokeless Fuel for Domes- 
% tic and Industrial Uses. J. Ind. & Eng. 
4 Chem., p. 852 (July 1941). 
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The Domestic Gas-Fired Incinerator’s Role in 
Air Pollution Control 


F. E. VANDAVEER 
The East Ohio Gas Company 
Cleveland, Ohio 


Opinion on the merits of present-day 
domestic incinerators differs greatly. 
Prof. G. B. Uicker,“ after testing 14 
incinerators and presenting the results 
of his tests recommended that the use 
of gas-fired domestic incinerators should 
not be encouraged while municipal dis- 
posal methods are studied and developed, 
even at the need for additional taxes. 
Los Angeles, California, and Allegheny 
County, Pennsylvania, discourage the 
use of domestic incinerators; in Phila- 
delphia they are not popular; Detroit 
is considering very restrictive regulations; 
and Cleveland is granting approval for 
periods of 6 months at a time. The atti- 
tude of 6 air pollution officials“ was 
summarized as follows: 


“Domestic incinerators contribute to 
air pollution, although to an unknown 
degree. Domestic units, because of their 
potentially large number, present a 
formidable control problem. The general 
opinion is that satisfactory units can and 
will be made, and that when this is done 
realistic regulations can be formulated 
to allow their use.” 


To avoid any misunderstanding as to 
what a domestic gas-fired incinerator is 
designed to do, the A.G.A. definition 
of this appliance is: “A domestic gas- 
fired incinerator is sold and installed as 


_ a packaged, completely assembled, direct- 


fed, free-standing unit limited to not 
more than 5 ft.* capacity and a burning 
rate of 25 lb./hr. of Type 1 (dry com- 
bustibles) and Type 2 (50% dry com- 
bustibles and 50% food refuse) wastes.” 
Domestic incinerators are not designed 


* G. B. Uicker. Survey of Gas-Fired Domestic 
Incinerators. J. Air Poll. Control Assoc. 
58, 199 (Feb. 1956). 

* J. S. Boylan and H. W. Nelson. Survey 
of Odor and High Temperature Problems 
of Domestic Gas-Fired Incinerators. Battelle 
Memorial Institute. Rept. to A.G.A. Com- 
roy on Incinerator Research. (Dec. 10, 
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for commercial or industrial use; they pro:e 
are not intended for burning large vol- op} > 
umes of combustibles continuously; they He on 

are not backyard incinerators; they are jos, 

not flue-fed, apartment house units; ind 

they are not dependent on paper or oor, 

other combustibles for incineration of aj, y 

food refuse. pre’ 
Favorable opinion of contemporary cin. 

incinerators points to unsanitary garbage St 

cans attracting flies, rats, and ver:nin do: 5 

and to the odorous garbage trucks. At 

least one city, Lincolnwood, IIl.,“ makes ther 

incinerators mandatory and several large W + 

suburbs of Cleveland require either an PY > 

incinerator or a garbage grinder in all beca 

new houses. A few cities are considering D 

making incinerators mandatory in all Te 

houses and possibly supplying the in 

cinerators in order to reduce the expease Fe 
of garbage collection and municipal in neve: 
cinerators or land fill. In East Ohio ter prod 
ritory there were 111,596 incinerators ture 
installed as of January 1, 1956. In 1955 Man 

27,021 incinerators were sold. Total hous 

volume of gas used by these incinerators HJ ous 

is estimated at 138,495,000 ft.*/mo. men 
with an aggregate revenue for the gasf™ The 
company of $1,047,011.40/yr. and cost wet 
to the customer of 78.75¢/mo. Incinera- sweet 
tor sales amounted to about $11,159, obje 
600.00 in the past 5 yr. Certain large very 
housing developments in our area have gark 
incinerators in every house. No odor or fooc 
smoke complaints are received from bag 
them. Surveys have shown that owners wat 
are well-pleased with the incinera- of 
tors.‘*7) Such complaints as have been and 
com 

5 In Lincolnwood, Illinois, Incinerators Make Rec 
the Difference. Gas Appliance Merchan- effe 
dising. p. 10 (July 1955). 

* F. E. Vandaveer. Gas Incinerator Charac * 
teristics, Acceptance, Servicing and Load. uc 
AG.A. Monthly p. 33 (Oct. 1954). sele 

" F. E. Vandaveer. Domestic Gas-Fired In: exc 
erators. J. Air Poll. Control Assoc. 5, 197 par 
(Feb. 1956). 
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received from neighbors can usually be 
corrected by educating the owner to 
wrap the garbage with more paper and 
to shake the grates and empty the ash 
receptacle more often. 


A. G. A. Research on Incinerators 
Started 


Despite the good reception and good 
per‘ormance of contemporary incinera- 
tors it was recognized in 1952 that im- 

;-ements could be made and that an 

wrtunity existed to make incinerators 

<eless, odorless, and fly ash-free. A 

rch program designed to accomplish 
is purpose was started by the Ameri- 
Gas Association in July, 1953. 
/ ut the same time the A.G.A. Ap- 
‘al Requirements Committee on In- 
rators began extensive revision and 
igthening of the requirements on 
doi iestic gas-fired incinerators. Certain 
inc nerator manufacturers also increased 
the 'r research and development program. 
W ‘hin a time span of 214 yr. great 
prcozress, as briefly outlined below, has 
bec made. 


Development of Test Charges and 
Test Methods for Odor, Smoke, and 
Fly Ash 

For test and research purposes it was 
necessary to develop a smoke-and-odor- 
producing charge and a high tempera- 
ture and fly ash-producing charge. 
Many types of mixtures, including 
household and restaurant garbage, vari- 
ous foods, cake, bread and an assort- 
ment of papers and cardboard were tried. 
The most odorous charge seemed to be 
wet garbage. Hair, vacuum cleaner 
sweepings, and feathers also produce 
objectionable odors, but these items are 
very infrequently added to the domestic 
garbage load. Finally, a mixture of 60% 
food refuse containing potatoes, cab- 
bage, oranges, bread, rice, beef suet, 
water, and 40% combustibles consisting 
of corrugated cardboard, newspapers, 
and waxed paper was selected. The exact 
composition is given in A.G.A. Approval 
Requirements for Domestic Incinerators, 
effective January 1, 1956. For a high 
temperature, fast. burning, fly ash-pro- 
ducing charge, shredded paper was 
selected after comparative tests with 
excelsior, wood blocks, crumbled news- 
paper, cardboard, and heavy wrapping 
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paper. Seven or more charges of 2 |b. 
of shredded paper at 8 min. intervals is 
far more severe as a test charge than 
would be encountered in service. The 
garbage mixture produces plenty of odor 
and fly ash and it simulates the waste 
material from residences very well. 


Test methods and instruments for de- 
termining smoke, odor, and fly ash in 
the flue gases from incinerators have 
also been developed. The incinerator is 
arranged for test as shown in Fig. 1. For 
determining odor 3 observers compare 
the odor from burning 2 sheets of news- 
paper with the full discharge of flue 
gases from the incinerator for a few 
seconds into the room while burning the 
garbage mixture. An odor stronger than 
the smell of burning newspaper is not 
tolerated. This method was selected as 
practical, reasonably accurate, and easily 
duplicated. Various odor testing proced- 
ures given in the literature were studied 
and the most likely methods were tried, 
including a constant flow sampling and 
air dilution method, an odorimeter, an 
osmometer, and chemical analyses for 
aldehydes. This subject of odor deter- 
mination alone could have developed 
into a lifetime project. 


For determination of smoke and fly 
ash and to some extent odor, a Bacharach 
True Spot Smoke Tester was selected. 
This instrument is used in testing for 
smoke from oil burners. It is equally 
applicable to incinerator smoke. Even 
a thin white smoke will stain black, the 
filter paper through which the flue gases 


TO CHIMNEY 
A TEST DRAFT CONTROL 
ORAFT PRESSURE RECORDING CONNECTION 


SMOKE SAMPLING AND FLUE GAS 
TEMPERATURE RECORDING CONNECTION 


INTERLOCKING FLUE GAS VALVES 
TO DIVERT FLUE GASES 
——* INTO ROOM FOR ODOR T 


THIMBLE 


SIDE OF 1 
ERATOR 12" 
FROM SIDE 


REAR WALL WALL. 


HORIZONTAL FLUE OUTLET 


Fig. 1. Arrangement of apparatus for incin- 
erating effectiveness, smoke, odor, and fly 
ash tests and flue gas temperature tests. 


are pulled. Both the automatic and the 
manual samplers are shown in Fig. 2. 
The proposed requirement is to allow 
not more than Bacharach No. 4 smoke 
scale for 10 min. in 24 hr. during the 
burning of the garbage mixture and the 
shredded paper. Additional tests for fly 
ash are to be made with a Bausch and 
Lomb dust counter as shown in Fig. 2, or 
by collection on a sticky plate and subse- 
quent measurement of size and number 
of particles with a microscope and mea- 
suring scale. 


Fundamentals of Complete Incineration 

During experimental work on this 
research project certain fundamental 
principles were kept in mind. i.e., when 
garbage and paper burn completely to 
carbon dioxide, water vapor, and ashes 
there is no odor in the flue gases. Odor 
is generated by partial, incomplete com- 
bustion and by destructive distillation 


Fig. 2. Instruments selected for determining smoke and fly ash. At left, Bacharsch automatic 
continuous true spot smoke tester, showing roll of filter paper through which flue gases are 
pulled for 25 sec. (112 in.’ of sample) for each spot; it will record one or two spots/min. as 
desired; pump not shown. In center, Bacharach true spot smoke tester (manual pump), the 
smoke scale (0-9) and typical spots from white smoke. At right, Bausch and Lomb dust 
counter, and enlarged scale and dust spots as seen through the microscope of the instrument. 
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and cracking of the combustibles. Gar- 
bage containing sulfur and nitrogen 
compounds will form sulfur dioxide and 
nitric oxide in extremely small amounts 
and these gases have an _ identifiable 
odor. Probably the most objectionable 
odors produced by incomplete burning 
of garbage are the aldehydes, dialde- 
hydes, and ketones with sharp, un- 
pleasant, rancid smells, and the organic 
hydrocarbons and organic acids with 
sharp irritating smells. Production of 
odor or smoke from incineration of gar- 
bage may be attributed to 1 or more of 
the following conditions: (1) Reaction 
temperature below the ignition tempera- 
tures of the vapors; (2) Insufficient oxy- 
gen supply for combustion at the right 
place; (3) Removal of these vapors from 
the reaction zone before completion of 
the combustion reaction. Complete in- 
cineration must be done in 2 stages, al- 
though both stages may proceed simul- 
taneously or in very rapid succession 
once ignition occurs. In the first stage, 
drying, ignition, and combustion takes 
place, progressively converting part of 
the solid charge into a gaseous or vapor 
state, burning of most of the gases and 
leaving an ash residue on the grates. In 
the second stage total oxidation of the 
volatile products, odor, and smoke escap- 
ing from the first stage must be accom- 
plished. All present day domestic in- 
cinerators have the first stage of incin- 
eration and varying amounts of the 
second stage, but none of them have a 
complete second stage of burning. The 
major task of this research project, ac- 
cordingly, was to develop practical, 
economical methods of consuming smoke 
and odor and producing no fly ash. 
Second Stage Incineration 
Accomplished by Several Methods 
Several satisfactory methods to ac- 
complish second stage incineration were 
found and tests were made to verify 


them. 


Catalysts, platinum or palladium, im- 
pregnated on porcelain or chrome alloy 
heated to 500-700°F and supplied with 
air for the combustion reaction will con- 
sume all smoke and odor. The combus- 
tion reaction temperature is lowered as 
much as 600°F with catalysts. To pre- 
vent escape of smoke or odor through 
catalysts they must be heated to the 
proper temperature and maintained at 
that temperature by a gas flame, and 
the construction must be such as to 
cause intimate contact of flue gases with 
them. Fly ash deposits and poisonous 
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vapors of metals must be kept from the 

‘catalysts, or provision must be made to 
purge and clean the catalyst each time 
with a gas flame before the first stage 
incineration starts. This can be done. 
Adequate air supply for combustion on 
the catalyst, control of rate of incinera- 
tion, and maintenance of catalyst tem- 
perature are other requisites of design. 

Gas heated ceramic balls,‘®) or slabs‘® 
raised to a temperature of 1400-1500°F 
will burn all smoke and odor if adequate 
air is available at that location. It is not 
sufficient to have a temperature just 
above the ignition temperature of ap- 
proximately 1100°F for most organic 
vapors. 

Gas-heated stainless steel grids heated 
above 1200°F will consume all smoke 
and odor. Proper design of the grid, 
selection of proper composition of steel 
to withstand the temperatures involved, 
and good application of gas flame to the 
grid will provide smokeless incineration. 

The smokeless combustion principle 
as applied to a coal stove as developed 
by Battelle Memorial Institute several 
years ago was also tried on incineration 
of garbage. This work was done at 
Battelle and was sponsored by the Ameri- 
can Gas Association. This principle of 
downdraft combustion was successful 
when it was augmented by a gas burner 
to both speed up the incineration and 
an after burner gas flame to consume 
the smoke and odor which escapes from 
the first stage. 

Flame of a gas-fired after burner can 
destroy all smoke, odor and fly ash from 
burning garbage and combustibles. It 
has been known for a long time that 
smoke passing through a flame is des- 
troyed. This is demonstrated in smoke- 
less gas range broilers, and in smoke 
passing through the flame of a match 
or cigarette lighter. The trick in incin- 
eration of garbage is to keep the gas 
flame burning in an atmosphere of flue 
gases, smoke, and ashes. Air has to be 
introduced at the right place, the burner 
has to be properly located, burning rate 
of combustibles has to be controlled, up- 
draft has to be limited to prevent fly 
ash entrainment, adequate safety con- 


* L. T. Bissey. New Design Household In- 
cinerator Eliminates Smoke and Odor. Gas 
Age, p. 30 (1948). 

® American Gas Association Research Pro- 
ject DA-1-M on Elimination of Smoke, 
Odor and Potential High Temperature 
Hazard From Domestic Gas-Fired Incinera- 
tors. 
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trols must be used, flue gas temperature 
must be held below 1400°F, and all this 
done within a space about the same size 
as contemporary incinerators, and at a 
price that will be attractive. 


A.G.A. Laboratories and Battelle 
Memorial Institute Prototype Models 
of Smokeless, Odorless, Fly Ash Free 


Incinerators 


Two prototype smokeless, odoriess, 
and fly ash-free incinerators develoed 
by A.G.A. research will now be les 
cribed. These models have not been sub 
jected to detailed testing or field trials 
as yet. Predecessor models have comp ied 
with most of the proposed new A.G A. 
requirements for incinerators. TI ese 
models are described to illustrate the 
principles involved and to show that 
satisfactory incineration can be acc om 


plished. 


A model as developed by Batt:lle 
Memorial Institute“ is shown in Fig. 3. 
This incinerator is the result of m:ny 
tests, many changes, consultations, «nd 
good experimental work. It has down 
draft combustion, a combination as 
fired incineration burner and aiter 
burner, restricted supply of preheaced 
air, 6 in. flue collar with adjacent bar 
ometric draft control, grate sloping to 
ward burner, a safety vent when door 
is open, and stands about 47 in. high, 
22 in. deep, and 22 in. wide. Capacity 
is 1.5 bu. and gas input rating is ap 
proximately 30,000 Btu./hr. 


*® Research Done by G. M. Hein with Dr. 
Harlan W. Nelson, Battelle Memorial In- 
stitute, Columbus, Ohio. 
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The A.G.A. Laboratories prototype 
model“ is shown in Fig. 4. It is the 
result of a great deal of experimental 
work and application of good engineer- 
ing vrinciples. It employs updraft com- 
bustion of garbage, downdraft combus- 
tion of smoke and odor in a gas flame 
afte’ burner with ceramic baffles in the 
hot second stage incineration chamber. 
Rest cicted air for combustion, preheated 
dow idraft air for after burning, grate 
slop 1g toward burner, large ash recep- 
tack, a large settling chamber for fly 
ash and a barometric damper are other 
feat res. The unit has 2 automatic pilots, 
a ti ner, a pressure regulator, and a gas 
coc! Capacity is 1.5 bu., input rating 
35,90 Btu./hr. with about 10,000 Btu. 
to he first stage burner and 25,000 
Btu to the after burner. Dimensions are 
apr oximately 40 in. high, 31 in. deep, 
anc 18 in. wide. 


Supplementary Fuel, Gas, Required 

4. supplementary fuel, such as gas, is 
req tired to incinerate garbage in a 1- 
sta;e incinerator within a reasonable 
tim . Tests have shown that the amount 
of gas fuel needed is from 2,050 to 
8,6+0 Btu./lb. of garbage. To eliminate 
smcke and odor from flue gases, tests 
have indicated a requirement of 21/ to 
3 times as much gas heat for the second 
staye incineration as for the first stage. 
A gas burner in this second stage is 
essential and the input rating of such a 
burner for a 1.5 bu. incinerator would 
be from 18,000 to 30,000 Btu./hr. 
™ Research done by D. W. Skipworth and 


A. L. Nead with Walter B. Kirk, A.G.A. 
Laboratories, Cleveland, Ohio. 
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Fig. 4. A.G.A. Laboratories Prototype Incin- 
erator for A.G.A. DA-1-M 
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TABLE I 


Data on Four Research Models of Incinerators for Smoke, Odor, and Fly Ash 
Elimination During Incinerating Effectiveness Test (Garbage and Combustibles) 


Smoke Tests (Not Over Bacharach Smoke Scale No. 4 for 10 Min.) 


Re- 
search Result 
Model ist Day 2nd Day 3rd Day 4th Day of Test 
1 O O O OK 
2 | #5-8 for 14 min.| #4-8 for 12 min.| #4-8 for 21 min.| O Fail 
3 #4 for 1 min. #4-9 for 6 min. | #5 for 1 min. # 4-6 for 11 min.| Almost OK 
4 #4 for 2 min. O Oo #4 for 2 min. 3 
Odor Tests (3 Observers Comparing With Odor From 2 Newspaper Sheets Burning) 
1 Less or like Less or like Less or like Less or like OK 
2 More Much more More More Fail 
; OK but slight OK but smoldered |OK but smoldered|OK but smoldered| OK if smol- 
smoldering for one hour for one hour for one hour dering is 
corrected 
4 |OK Less to more Less to slightly | Less to more OK—but 
more on line 
Fly Ash (Not Over 150 ) 
1 |OK (40 pz) OK (60 yz) OK — OK (75 pz) OK 
2 |OK (50 2) OK (45 p) OK (90 yz) OK — OK 
3. |OK (60 OK (45 OK (45 uz) OK (65 pz) OK 
4 |OK (65 pz) OK (70 2) OK (90 2) OK (150 yz) OK 
Smoke Discharge at Door (Visible During Test) 
1 |No No No No OK 
2 | Yes (6 min.) O O Yes (7 min.) Fail 
3 | Yes (1 min.) Yes (4 min.) Yes (2 min.) O Easily 
corrected 
4 |No No No No OK 


(®) This unit was not ready for this test. 


A.G.A. Approval Requirements 
Greatly Strengthened 


Improvements in A.G.A. Approval 
Requirements for Domestic Gas-Fired 
Incinerators have kept pace with re- 
search and development”). Ten major 
changes appeared in the January, 1956, 
requirements which were not in the 
1953 requirements. These included a 
reduction in updraft during the test 
from .03 in. to .01 in., required operat- 
ing and installation instructions, pilot 
filters, flue gas temperatures limited to 
less than 1400°F, ash receptacle size 
required was doubled, approval on 
natural gas only as an optional feature, 
a new garbage-paper charge simulating 
household refuse and charging over a 
period of 4 days’ time similar to domes- 
tic usage, and smoke limited to ndt ex- 
ceed 114 Ringleman for 8 min./day. 
Ten more major changes are proposed, 


® F. E. Vandaveer. Domestic Gas-Fired In- 
cinerators, Present and Future, A.G.A. Re- 
search and Utilization Conference, Cleve- 
land, O. (Apr. 3-4 1956). 
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It has since been greatly improved. 


pending field tests on new incinerators 
this year, for effective date of January, 
1958. In those requirements it is pro- 
posed to require the 4-day garbage 
charge to be so completely burned as to 
leave only 5 oz./bu. of incinerator 
capacity of uncarbonized material, smoke 
and fly ash shall not exceed Bachrach 
smoke scale No. 4 for 10 consecutive 
min., odor at any time shall not exceed 
that of burning 2 newspaper sheets as 
determined by 3 observers, fly ash par- 
ticles shall not exceed 150 p, and no 
observable smoke shall escape into the 
test room from the incinerator doors or 
joints. No contemporary incinerator will 
meet these requirements. However, 4 
research models subjected to these pro- 
posed tests yielded results as shown in 
Tables 1 and 2. Two of the incinerators 
were A.G.A. research models and 2 were 
models made by 2 manufacturers. Units 
1 and 4 passed all tests, No. 3 would 
comply if the smoldering and smoke dis- 
charge at the door was corrected, and 
Unit No. 2 failed on several tests as it 
was obviously not ready for these tests— 
it has since been redesigned, and pre- 
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TABLE II 


Data on Four Research Models For Smoke, Odor, and Fly Ash Elimination 
During Fire Hazard Test (Shredded Paper Burn'ng) 


Smoke Tests (Not Over No. 4 Bacharach Smoke Scale for 10 Min.) 


Unit Bacharach Duration—Minutes Result 
Smoke Scale No. of Test 

1 4 to 7 3 OK 

2” 4 to 9 Most of time Fail 

3 4 to 8 2 ; OK 

a 4 4 to 6 6 OK 


Odor Tests (Three Observers Comparing With Odor From Two Newspaper Sheets Burning) 


1 Like OK 
2 Like OK 
3 Like OK 
4 Like OK 
Fly Ash (Not Over 150 y) 
1 Clean OK 
2 OK (45 OK 
3 Clean OK 
4 75 w + 1 large particle OK 
Smoke Discharge at Door (Visibie During Test) 
1 Slight OK 
2 oO OK 
3 Oo OK 
4 O OK 


(®) This unit was not ready for this test. It has since been greatly improved. 


liminary tests indicate probable com- 
pliance with these proposed require- 
ments. 


Manufacturers’ Field Trial Models of 
Smokeless, Odorless, Fly Ash Free 


Incinerators* 


Two manufacturers, have reached the 
stage in their development work where 
each company intends to make and sell 
about 1,000 smokeless, odorless, and fly 
ash free incinerators in 1956. If these 
field tests are successful greater produc- 
tion will be undertaken. At least 4 other 
companies have advised me that they 
are well-advanced with their new models 
and will attempt to comply with the 
proposed new A.G.A. requirements. 
There is no doubt that manufacturers’ 
research and development was stimu- 
lated by American Gas Association re- 
search, by the interest and increasing 
sales created by certain gas companies, 
by the large potential market for new 
units, by the pressure of restrictive air 
pollution regulations, and by city 
officials. 


* Author will identify units upon request. 
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Incinerator (A) 


A drawing of new incinerator (A) is 
shown in Fig. 5. The round tube across 
the bottom of the grate to the back has 
the burner inside of it and is open on 
the bottom side. The radiation from this 
tube causes the refuse to ignite and burn 
and the smoke and flue gas travel is 
downward through the combustion area 
and into the bottom of this horizontal 
round pipe which is open on the bottom. 
Since the pipe is completely filled with 
fire and the rectangular box at the back 
for the 90° turn is also full of fire, the 
smoke and odor are burned before they 
rise through the stainless steel pipe in 
the back and reach the outlet of the 
incinerator. The square box on the back 
of the incinerator houses a barometric 
type control which not only controls the 
air inlet to the top of the combustion 
area but also allows secondary air to 
enter into the smoke stack in order to 
keep it cooled as the heat and draft in- 
crease. The controls are to be mounted 
in a housing similar to that shown on 
the front. The early models will have a 
timer than can be manually set to dif- 
ferent lengths of time but with instruc- 
tions to set it to the full period. A con- 
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trol is being developed so that it has to 
be turned on all the way and will make 
the complete time cycle under all condi 
tions. 


Incinerator (B) 


New incinerator (B) smokeless, odorless, 
and fly ash-free, is shown in Fig. 6. The 
burning cycle is controlled by a Duo 
matic timer valve with on and off posi- 
tions. For 20 min. the timer allows gas 
to flow and burn at the after burner 
thereby preheating and purifying the 
catalyst bed, and establishing a good 
draft to accept the burning cycle «nd 
increase the air flow through the com 
bustion chamber. After the preheating 
time elapses, a cam actuates a valve slide 
allowing gas to flow to the first stage 
incineration burner (8,000 Btu./br.) 
and at the same time decreases the flow 
to the after burner from 18,000 Btu. /hr. 
to approximately 16,000 Btu./hr. Cor- 
rugations in the combustion cham»er 
walls allow air to circulate around «he 
refuse, prevents refuse build-up al ng 
the sides, and provides circulation of .ir 
and flames along the sides thereby aid'ng 
in destruction of the refuse. The fue 
gases pass upward through the rear grill, 
through the flames of the second stage 
burner and through the heated catalyst 
(at about 1000°F) where all unburred 
gases are scrubbed against coated saddles 
and burned to CO, and water vapor. 
The flue gases pass into the flue pipe 
where they are diluted with air through 
the barometric draft control. The draft 
control is set to provide an updraft of 
.035 in. to .04 in. water column and to 
drop the flue gas temperature to about 


Fig. 5. New smokeless-odorless incinerator. 
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950°F. Air for combustion and incinera- 
tion is supplied under each burner and 
for second stage combustion by down- 
draft air flowing up between jacket and 
combustion chamber walls and down 
through the liner of the door. Incinerator 
(B) is equipped with a timer, 2 auto- 
matic pilots, 2 burners, a pressure regu- 
lator, a barometric draft control, and 
large ash receptacle. Gas consumption 
is es'imated at 70 ft.*/day for 1 com- 
plete cycle of 1 hr. and 20 min., includ- 
ing 2 pilots at 800 Btu./hr. each. On 
63¢/:000 ft.* gas, the operating cost 
wou!l be $1.32/mo. Incinerator (B) 
is 36 in. high, 24 in. deep, and 18 
in. wide. It will be in limited production 
with n the next few weeks. 


Constituents (Nitrogen Oxides, 
Sulfur Dioxide, Aldehydes) Below 
Acceptable Standards 

Ir any discussion of air pollution con- 
trib. tion from combustion or incinera- 
tion equipment the question of trace 
cons'ituents in the flue gases will arise. 
Alt! ough it has been shown that with 
reas nable care in operation the odor, 
smoke, and fly ash from these new in- 
cine: ators will be acceptable and prac- 
tically non-existent, the question may 
aris. about nitric oxide, sulfur dioxide, 
and aldehydes or organic material. There 
has not been time enough to date to 
make specific tests and analyses for these 
trace constituents during the A.G.A. 
research on the new incinerators. How- 
ever, calculations using published data 
on municipal incinerators and gas ap- 
pliances will be given. These calculated 
values are probably as good as could be 
obtained by actual test. Data supplied by 
one of the manufacturers will also be 
presented. 
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Fig. 6. New smokeless-odorless incinerator. 
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TABLE III 


Maximum Allowable Concentration of Possible Flue Gas Constituents From 
Incinerators (8 Hr. Exposure, No Effect on Health) and Concentration of These 
Constituents in 5 Cities 


(Maximum Allowable Value (except water vapor) Adopted by Conference of 
Governmental Industrial Hygienists—1953) 


Constituent 
ppm. 


Maximum Allowable 


Concentration of air of 5 cities PPM 
Range Mean 


Water vapor (saturated air) 
Carbon dioxide 


Carbon monoxide 


17,400+- 
5,000 


Nitrogen dioxide 
Nitrogen oxides (other) 
Formaldehyde 

Sulfur dioxide 


0.0 — 3.48 -10 — .89 
0.0 — 1.0 .067 — .20 
0.0 — 1.45 .023 — .20 


The maximum allowable concentra- 
tion of gases which might be present in 
flue gases from incinerators which can 
be breathed continuously for 8 hr. with- 
out injury to health and the concentra- 
tion of these constituents in the atmos- 
phere of five cities has been listed by 
Katz") and is given in Table III. 


It has been reported that nitric oxide 
in the flue gases from burning gas in 
domestic appliances may vary from 0 to 
50 ppm.‘'*’ One of these new incinera- 
tors burning 70 ft.* of gas/day would 
possibly produce .0735 ft.* of NOs. As- 
suming there is an incinerator in every 
house in a city of 500,000 houses, that 
the area involved is 20 miles long by 12 
miles wide (similar to Cleveland, Ohio), 
and an air height of 50 ft. for calculating 
purposes, there would be 335 billion 
ft.* of air in such an area and the nitro- 
gen dioxide concentration would never 
exceed 0.1 ppm. If an air height of 1,000 
ft. is taken, the concentration would 
never exceed .005 ppm. This is assuming 
uniform distribution of the gas in this 
air volume and no air movement out of 
or into this area. 

Aldehydes have been reported as 
possibly varying from 0-11 ppm. in flue 
gas from gas appliances. Under the same 
conditions listed above for nitrogen diox- 
ide the concentration in the air above a 
city of 500,000 houses would never ex- 


- ceed .02 to .001 ppm. 


Sulfur dioxide, assuming 0.1 gr. of 
sulphur/100 ft.* of natural gas from the 
odorant used, would contribute a maxi- 
mum of .016 to .003 ppm. to the atmos- 
phere of this same city under the Same 
conditions. 


* Morris Katz. Recent Developments in At- 
mospheric Pollution, A.G.A. Proc. p. 796 
(1954)... 

“ Edwin L. Hall. What is the Role of the 
Gas Industry in Air Pollution. Gas, p. 54 
(Oct. 1952). 
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From the incineration of garbage and 
paper what would be the addition of 
nitrogen dioxide, sulfur dioxide, and 
aldehydes to the atmosphere? In a book- 
let on municipal incineration’ it is 
stated that daily production of gar- 
bage/person is about 3% lb., and of com- 
bustible refuse about 2 lb./person. As- 
suming a family of 4 the amount of gar- 
bage and combustibles/day would be 
about 11 lb. Also, in municipal incinera- 
tion) it is stated that stack gases from 
a good municipal incinerator burning 
municipal refuse contain about 1.1 |b. 
of aldehydes/ton of refuse, 2.4 lb. of 
nitrogen oxides, and 1.9 lb. of sulfur 
dioxide. Relating these values to a single 
domestic incinerator, assuming the new 
domestic incinerator to be as good or 
better than the municipal incinerator, 
burning 11 lb. of refuse/day a total of 
approximately .112 ft.* of NO,, .063 
of SO., and approximately .0505 ft.* 
of aldehydes would be liberated. Again 
using the example of an incinerator in 
each of 500,000 houses the air over that 
area to a 50 ft. height, assuming no air 
movement whatever except mixing of 
the gases within the area, would contain 
0.16 ppm. of NO, .009 ppm. of SO,, 
and .074 ppm. of aldehydes. Adding to- 
gether the trace gases generated from 
both gaseous combustion and refuse in- 
cineration, the total would be .26 ppm. 
of NO, at the 50 ft. height, .025 ppm. 
of SO., and .094 ppm. of aldehydes. If 
mixing occurred to a 1000 ft. height the 
numbers would be .013 ppm. of NOn, 
.001 ppm. of SO., and .005 ppm. of 
aldehydes. 


Comparing the above data with the 
maximum allowable amounts and the 
present concentration in air over 5 cities 


* Municipal Incineration, Sanitary Eng. Re- 
search Project. Univ. of California Tech. 
Bull. No. 5, pp. 17, 71, and 56 (June 
1951). 
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as given in Table III, it is readily ap- 


parent that incinerator additions, assum- , 


ing the impossible of an incinerator in 
every house of a 500,000 house city, 
would be insignificant and far below 
the allowable values. In most locations 
in this country there is some air move- 
ment at all times or for most of the day. 
This air would dilute the amounts listed 
above to fantastically low figures. Still 
further dilution would occur since the 
ceiling height of air over a city is far 
greater than the maximum figure of 
1,000 ft. uséd in these calculations. 


As a direct indication of what one 
new domestic incinerator will do in 
burning up smoke, odor, and particulate 
matter results of tests compared with 
published data on municipal incinerators 
are given in Table IV. 

The tests were made during the 
burning of 6 lb. of garbage-paper mix- 
ture per day (A.G.A. test charge plus 
domestic garbage); gas consumption 
was 29.4 ft.*/charge, flue gas volume 
was 4,817 ft.°, flue gas analysis top of 
stack was 8% 13% 0.0% CO. 
Analyses were made by the best-recog- 
nized methods available. Attempts are 
being made by the manufacturer to re- 
duce these trace constituents still fur- 
ther. It will be apparent, however, that 
the new domestic incinerator is consid- 
erably better than the reported results 
on municipal incinerators, which are 
generally regarded as satisfactory by city 
officials. 


There should be no necessity for pre- 
senting data herein comparing the flue 
gases from these new domestic incinera- 
tors with flue gases and exhaust gases 
from other ‘solid or liquid burning ap- 
pliances. Air pollution officials are 
familiar with published data on automo- 
bile and truck exhaust gases, smoke and 
flue gases from coal and oil appliances, 
from industrial boilers burning coal, 
from electric generating stations burning 
coal, and from municipal incinerators. 
These new domestic incinerators, if op- 
erated properly, the grates shaked regu- 
larly and ashes removed when receptacle 
is nearly full should contribute far less 
to air pollution than any other combus- 
tion source, except possibly domestic gas 
appliances. 


Incinerator Ash Analysis 


Analysis of the ash remaining from 
domestic incinerator tests has not been 
reported to date, but, undoubtedly, it 
would be similar to that from municipal 
incinerators. There are practically no un- 
burned materials left on the grates of 
these new incinerators after the incin- 
eration process. The following analysis 
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TABLE IV 


Stack Discharge Anaylses for Trace Constituents in a New Domestic 
Incinerator Compared With Municipal Incineration 


New Imperial” Municipal Incinerator™ 
ppm. ppm. 
Oxides of nitrogen 1.60 110 
Organic acids 22 51 
Aldehydes (as formaldehyde) 19 60 

95 to 2.31 gr./ft.2 withcut™ 

spray chamber; .164 to .564 

Particulate matter 48 gr./ft.? gr./ft.’ with spray chambe:. 


of ash was obtained from municipal 
incineration.“ 

It will be apparent from Table V that 
there is no nitrogen or oxides of nitrogen 
in the ash but the items listed, particu- 
larly phosphates and potash, are good 
for certain fertilizer purposes. However,. 
it is not a complete fertilizer. It is prob- 
ably best to dispose of the ashes by 
dumping or putting them with the non- 
combustible refuse. 


Summary 

(1) The gas industry has been making 
a major contribution toward air pollution 
control for many years by supplying a 
clean burning fuel for heating purposes. 

(2) Another contribution toward air 
pollution abatement, the -new smokeless, 
odorless and fly ash free domestic gas- 
fired incinerator, is being developed by 
the gas industry. 

(3) A.G.A. research on incinerators 
was started in July, 1953 with the ob- 
jective of developing methods for elim- 
inating smoke, odor, fly ash, and high 
temperature hazards from domestic gas- 
fired incinerators. 

(4) An odor and smoke producing 
charge of garbage and paper, and a high 
temperature and fly ash _ producing 
charge (shredded paper), have been de- 
veloped for test purposes. 

(5) Test methods for determining 
odor (three observers comparing flue 
gas with odor of burning newspaper), 
smoke (Bacharach true spot smoke 
tester), and fly ash (Bausch and Lomb 
dust counter) have been selected. 

(6) Two-stage incineration with gas 
heat in both stages is necessary to elimi- 
nate smoke and odor from domestic in- 


*® See footnote 15, page 95. 


TABLE V 


Chemical Analysis of Ash 
Cincinnati, O. Incinerator, 1947 


cinerators; the first stage burns the gar. 
bage and paper; the second stage oxi: lizes 
the smoke and odor escaping from the 
first stage. The second stage burne: re 
quires from 21/4 to 3 times (18,00 
30,000 Btu./hr.) as much heat as the 
first stage burner for a 1.5 bu. incir.2ra 
tor. 


(7) For second stage incineraiion, 
catalysts impregnated on porcelain or 
on chrome alloy heated to 500-700°F, 
ceramic balls or slabs heated to 1-00 
1500°F., stainless steel grids heated a! ove 
1400°F, smokeless downdraft combus-ion 
with a gas after burner, and the fl ime 
of a gas-fired after burner may be usd. 


(8) Drawings of 2 prototype models 
of smokeless, odorless and fly ash ‘ree 
incinerators developed by American Gas 
Association research sponsored at 
A.G.A. Laboratories and Battelle Memo 
rial Institute and test data on them are 
presented. 


(9) Ten major changes and additions 
to A.G.A. Approval Requirements for 
Domestic Incinerators have been made 
for 1956 and 10 more are proposed for 
1958 which, if adopted, will insure 
smokeless, odorless, and fly ash-free in 
cinerators. No contemporary incinera 
tors could comply with these new re 
quirements. 


(10) Two manufacturers intend to 
market approximately 1,000 new incin 
erators each this year for field trial. One 


* Private Communication from Calcinator 
Corporation, March 10, 1956. Data ob 
tained from commercial testing laboratories. 

* Municipal Incineration. Univ. of California 
Tech. Bull. No. 5, p. 71 (June 1951). 

Incineration. Univ. of California 

- Tech. Bull. No. 6, p. 31 (Nov. 1951). 


Phosphoric| Potassium | Calcium | Magnesium 
Sampling Acid Oxide Oxide xide Unidentified 
Point (P20s) (K2O) (CaO) (MgO) |Manganese| Copper Ash 
Ash 1.32% 1.9% 14.80% 1.74% .004% .08% 719.4% 
Fly Ash 1.51% 4.47% 12.30% 48% .002% .006% 81.23% 
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of these models has a gas-heated catalyst 
in the second stage; the ‘other employs 
downdraft combustion and a combined 
incineration burner and gas flame after 
burner. Drawings of both models are 
prese:ited herein. 

(11) Calculations have been made 
from published data showing that an 
incinerator in every house in a large 
city <nould not cause an increase in nitro- 
gen xides, sulfur dioxide, or aldehydes 
in tt » atmosphere to anywhere near the 
allov able maximum level for health. 

(12) Test data presented by 1 manu- 
facti er company shows that nitrogen 
oxid., aldehydes, organic acids, and par- 


ticu!) te matter from its new incinerator - 


is c nsiderably lower than is normally 


obtained from municipal incinerators. 
Municipal incinerators, properly de- 
signed and operated, are generally re- 
garded as contributing very little to air 
pollution. There is reason to believe 
that the other 3 research models will 
do as well as the one on which tests 
have been made. 

(13) Ashes from municipal incinera- 
tion contain phosphates, potash, calcium 
and magnesium oxides, but no nitrates. 
Although they would be good for some 
soils, they are not complete fertilizers. 
Similar ash would be expected from these 
new domestic incinerators. 

(14) If the field test program on new 
incinerators during 1956 is successful, 
plans have been proposed to make the 


proposed new A.G.A. requirements ef- 
fective in 1958, and possibly to require 
all incinerators approved and produced 
after January 1, 1959 to comply with 
these new requirements. This latter date 
and condition are subject to action by 
other A.G.A. committees and Gas Ap- 
pliance Manufacturers’ Association ap- 
proval. 

(15) To progress from a research idea 
to prototype models, to manufacturer 
field trial models, and to complete new 
A.G.A. requirements on incinerators in 
214 years is a remarkable achievement. 
It was accomplished by the cooperation 
of many people and a number of com- 
panies and institutions. 


““hermodynamic Considerations in the Interactions of 


Nitrogen Oxides and Oxy-Acids in the Atmosphere* 


It is well known that oxides of nitro- 
gen exist in urban atmospheres. Particu- 
larly high concentrations of nitrogen 
oxides have been reported over the 
coastal cities of California “.These gases 
are formed in part by high temperature 
reactions between nitrogen and oxygen 
to form nitric oxide, NO, in the com- 
bustion processes occuring in automobile, 
truck and bus engines and in furnaces, 
heaters and incinerators. 


Actually, a large number of solid, 
liquid and gaseous nitrogen oxides are 
known to chemists. Only those known 
or postulated as existing in the gaseous 
state will be considered in this discussion. 


The nitrogen oxides which have been 
reported to exist in the gas state include 
N.O, nitrous oxide; NO, nitric oxide; 
NO., nitrogen dioxide; NOs, nitrogen 
trioxide; N.O;, dinitrogen trioxide; 
N.O,, dinitrogen tetroxide; and N.O,, 
dinitrogen pentoxide. (Table I). An ab- 
sorption spectrum presumed to be nitro- 
gen trioxide, NO;, has been observed 
when nitrogen dioxide, NO., is reacted 
with ozone, O;. The concentration of 
NO,, if it exists, is so low that it can be 
ignored as an atmospheric contaminant. 


* Clean Air for California. Initial Report of 
the Air Pollution Study Project, State of 
California, Dept. of Public Health. 

* Presented at the 49th Annual Meeting of 
— held at Buffalo, N. Y., May 20-24, 
1956. 


of APCA 


AUBREY P. ALTSHULLER 
U. S. Public Health Service 


Robert A. Taft Sanitary Engineering Center 


Cincinnati, Ohio 


Nothing is known about the concentra- 
tion of N.O; in the atmosphere. If the 
mechanisms which have been advanced 
to explain smog in California are at all 
correct, N.O; must have some unknown 
but quite small steady state concen- 
tration. It will be shown later that of the 
total concentrations of nitrogen oxides 
existing in the atmosphere, the concen- 
trations of N.O; and N.O, may also be 
expected to be very small. 


Thus, the nitrogen oxides likely to be 
present in any substantial quantity in 
the atmosphere are only nitrous oxide, 
N.O, nitric oxide, NO, and nitrogen 


TABLE I 


Estimated Concentrations of Gaseous Nit- 
rogen Oxides and Oxy-acids 


Concentration in Urban 
Atmospheres 


Nitrogen Oxide 
or Oxy-acid 


ppm. range (0.5 ppm.) 
pphm. to ppm. range 
pphm. to ppm. range 
very small ‘ 
very small < 10-° ppm. 
very small < ppm. 
small 

small 

ppm. range‘*) 


(®) Thermodynamic and_ kinetic considerations 
indicate ppm. of HNOs could exist, but ex- 
perimental values are not available. 
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dioxide, NO.. Nitrous oxide is stable 
and neither decomposes nor oxidizes ex- 
cept at high temperatures. It becomes 
toxic only in very high concentrations. 
However, its existence in the atmosphere 
and the way in which it is produced are 
of considerable interest. Both nitric oxide 
and nitrogen dioxide exist in pphm. to 
ppm. concentrations in urban atmos- 
pheres and are believed to play important 
roles in the formation of smog. In addi- 
tion to the nitrogen oxides, there are 2 
oxy-acids, nitric acid and nitrous acid, 
which can exist in urban atmospheres in 
the form of aerosols. 


Equilibrium constants allow the cal- 
culation of the equilibrium concentra- 
tions of various materials entering into 
reaction with each other. The equilib- 
rium constants reported herein have 
been specifically calculated from recent 
spectroscopic and structural measure- 
ments. 


It must be realized that the equilibrium 
conditions to which the data apply may 
be reached very slowly or very rapidly, 
or at some intermediate rate. Determina- 
tion of this rate is a problem for ex- 
perimental chemical kinetics rather than 
thermodynamics. 

Thermodynamic information can tell 
whether a small or large amount of a 
given reactant will exist at equilibrium. 
For example, if the equilibrium constant 
is such that only very small concentra- 
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tion of the products of reaction are 
present at equilibrium at the tempera- 
tures of interest, then it does not matter 
whether the reaction proceeds -slowly or 
rapidly because there will not be much 
of the material produced by the reaction 
regardless of reaction rate. On the other 
hand, if the equilibria favors the products 
of reaction, it is very important to know 
the rate at which the reaction proceeds. 


Finally, in some reactions the presence 
of light of certain wave lengths is very 
important. Such photochemical reactions 
depend on the efficiency of utilization 
of light energy at a given wave length, 
the quantum efficiency, and the light 
intensity. One or more photochemical 
reactions are involved in the formation 
of smog in California and one of the 
key reactions involves nitrogen dioxide. 


Nitrous Oxide Formation 


Nitrous oxide, N.O, the most stable 
of the nitrogen ‘oxides, is extremely re- 
sistant to oxidation to higher nitrogen 
oxides. It does decompose to nitrogen 
and oxygen starting at about 600°C”. 
Some nitric oxide, about 10%, is pro- 
duced from the decomposition if carried 
out at 1300°°). In the laboratory N,O 
is produced by the thermal decomposi- 
tion of NH,NO;. 


About 0.5 ppm. of N.O is found in the 
atmosphere at ground level on the basis 
of mass spectrographic analysis‘. Nit- 
rous oxide has also been detected by 
infrared spectroscopy on the upper at- 
mosphere in about the same concentra- 
tion‘. Samples obtained from urban and 
rural areas showed no significant dif- 
ference in composition in the mass spec- 
trographic analysis“. Furthermore, near 
infrared measurements from Mount 
Wilson have indicated uniform mixing 
in the atmosphere. The rate of change 
of infrared intensity with solar-zenith 
angle is inconsistent with the existence 
of this gas in thin layers in the upper 
atmosphere. 

The equilibrium constant for the re- 
action of nitrogen with ozone indicates 
that at room temperature almost all of 
the ozone will be converted to nitrous 
oxide at equilibrium (Table II). How- 
ever, the rate of reaction of nitrogen 
with ozone is quite slow. 


* Trotman-Dickenson. Gas Kinetics. 
demic Pr., New York 71-3 (1955). 

* R. L. Stobod, and M. E. Krogh. J. Am. 
Chem. Soc. 72, 1175-7 (1950). 

“1: H. Shaw, G. B. B. M. Sutherland, and 
T. W. Wormell. Phys. Rev. 74, 978-9 
(1948). 

* L. Goldberg, and E. A. Muller. J. Opt. 
Soc. Amer. 43, 1033-6 (1953). 


* P. Harteck, and S. Dondes. J. Chem. Phys. 
22, 758 (1954). 
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Hartek and Dondes®” have stated 

+ that from their kinetics measurements 
on the reaction between N, and O, they 
conclude that the source of N.O is the 
reaction between N, and atomic oxygen 
or ozone in the upper atmosphere. Cal- 
culation of free energies and equilibrium 
constants show that the reaction should 
occur with N.O predominating over O, 
except at high temperatures, i.e., 1000°C 
and above (Table II). At the same time 
N:O is destroyed by photolysis in the 
upper atmosphere. It is claimed that the 
equilibrium concentration is sufficient to 
account for the concentration observed. 

Since an ozone layer exists at about 
25 km., a high rate of production of 
N.O in this layer might be expected on 
the basis of the Ne + Os reaction. In 
this layer, absorption by O, should filter 
out the radiation capable of photolyzing 
N.O. Above this layer, NO can be pro- 
duced by the N. + O reaction but an 
appreciable amount of photolysis of NsO 
should also occur. Below this layer the 
concentration of ozone and O drop off 
appreciably. Consequently, a peak in the 
N.O concentration in the O; layer might 
be expected. Experimental results in- 
dicate uniform mixing; consequently, the 
rate of mixing must be about equal to 
net rate of production. 

Although the rates of mixing of nitrous 
oxide and ozone probably are about the 
same, the rate of destruction by decom- 
position outside of the ozone layer is 
much less for nitrous oxide than for 
ozone. Consequently, the nitrous oxide, 
unlike the ozone, is uniformly mixed 
throughout the atmosphere of the earth. 

Goody and Walshaw™ suggest that 
bacterial reactions supply N.O at a rate 
which compensates for the photochemical 
destruction in the upper atmosphere and 
that this is the source of atmospheric 
N.O rather than the N. + O, reaction. 
Some experimental work by Arnold“? is 
cited as indicating an appreciable amount 


TABLE II 


Equilibrium Constants for Some Nitrogen 
Oxide Reactions 


Reaction Kp 


NO+0s=NO2+O2 [2.29 x 10” (298°K) 
6.93 x 10" (1500°K) 
1.17 x 10° (298°K) 
1.07 x 107 (1500°K) 
3.72 x 10™ (298°K) 
3.74 x 10° (1500°K) 
1.58 x (298°K) 
3.82 x 10-* (1500°K) 


NO + 1402 = NOz 


NOz2=NO+0 


* P. Harteck, and S. Dondes. Phys. Rev. 95, 
320 (1954). 

* R. M. Goody, and C. D. Walshaw. Quart. 
J. Roy. Meteorol. Soc. 79, 496-500 (1953). 
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of N;O being produced in the soil. }f 


au 


m. 
this occurs, the rate of mixing must k e acc 
about equal to the rates of bacteria! cre fH ing idli 
ation and photochemical destruction. tration: 
It is reasonable to believe that both thm The fa 
N. + O, reaction and bacterial reaction tration 
contribute to N.O production. Further than ir 
experimental work appears necessary tof equipm 
determine the relative contribution flam: 
each. inte:"2 
Formation of Nitric Oxide from ( 
Nitrogen Oxygen 
At room temperature an extre:nely 
small amount of nitric oxide is formed : 
from the reaction of nitrogen and ox+genfm 
both because the equilibrium is sc far 
towards N. and O. and because the rate gt 
of reaction is so slow. However, a‘ the The 
high temperatures resulting from . i 
burning of gasoline in internal combus he 
tion engines and of natural gas in fur _. . 
naces and heaters, appreciable 
of nitric oxide are produced. oa 
At about 2780°F (1800°K) with °0% Mand 
oxygen present, 0.44% nitric oxice is littl 
present at equilibrium and 90% of the fH pecte« 
equilibrium value is reached in 12 acti 
At 3860°F (2400°K) with 20% oxygen  precis 
present, 2.00% nitric oxide is formed tem,x 
and 90% of the equilibrium value is oxide 
reached in about 1/4 sec. However, veri 
Daniels has estimated that to maintain dioxi 
90% of the nitric oxide formed af haust 
2400°K, it is necessary to cool the gasesf is cil 
from 2400°K to 2000°K or below inf rapid 
about 0.02 sec. or at a rate of approxi MH takes 
mately 20,000°C/sec. At lower tempera oxide 
tures, particularly below 1800°K, the At 0 
rate of decomposition is negligible. How: take 
ever, the amount of NO formed at to be 
2780°F (1800°K) and even at several Ai 
hundred degrees lower is not negligible flue 
from the standpoint of air pollution. the 
The adiabatic flame temperatures in oxid 
gas flames such as occur in domestic and in tl 
industrial furnaces and heaters are in few 
the range from 3000 to 3600°F. Experi: dom 
mental determinations at UCLA®” onf 
domestic gas-fired equipment show up to ep 
200 ppm. of nitrogen oxides in flue ide 
gases. Even higher concentration off™ Nit 
nitrogen oxides would be expected in ‘T 
flue gases from high-temperature indus nitr 
trial furnaces. 
Measurements in the exhaust from a 
gasoline, diesel oil and propane-burning ate 
vehicles indicate concentrations of nitro a 
gen oxides up to several thousand ppr 
° N. Gilbert and F. Daniels. Ind. Eng. Chem. 7 S 
40, 1719-23 (1948). N 
T. J. Connoly and K. Nobe. Formation of 
Oxides of Nitrogen in Gas-Fired Heaters. 2 R 
First Rept. on Air Pollution Studies. Rept. B 
55-27, Dept. of Eng., Univ. of California, F 
Los Angeles. 
of 
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ppm.*”. Such concentrations occur dur- 
ing acceleration and cruising, while dur- 
ing idling and deceleration the concen- 
trations may drop to less than 50 ppm“”. 
The fact that the nitrogen oxide concen- 
tration in automobile exhaust is higher 
than in flue gas from domestic gas-fired 
equipment is consistent with the higher 
flame temperature (4500-5500°F) in 
inte:1al combustion engines. 


Oxidation of Nitric Oxide to 
Nitrogen Dioxide 
Nit: ‘c Oxide Oxidation by Oxygen 

Te oxidation of NO to NO, by 
oxy; en goes fairly far over to NO, at 
equ: ibrium at room temperature, but at 
high temperatures the equilibrium shifts 
over towards NO and O, (Table II). 
The rate of reaction is unusual in that 
it | is a negative temperature coeffi- 
cien '”. That is, the rate of oxidation is 
slov.-r at high temperature than at low 
tem»erature. Consequently, after nitric 
oxic: is formed by reaction between Nz 
and O, at high temperatures, relatively 
litt! further oxidation would be. ex- 
pected in the homogeneous gas _ re- 
actin until the gases cooled down ap- 
preciably in the exhaust system. At room 
tem erature, for 1000 ppm. of nitric 
oxide, about 5 min. is necessary to con- 
ver: 1/4, of the nitric oxide to nitrogen 
dioxide. Once the nitric oxide from ex- 
haust gases gets into the atmosphere and 
is diluted, the rate of oxidation drops 
rapidly. At 1 ppm. of nitric oxide, it 
takes about 100 hr. for 14 the nitric 
oxide to be converted to nitrogen dioxide. 
At 0.1 ppm. of nitrogen dioxide, it will 
take about 1000 hr. for 14 of the NO 
to be oxidized to NO. 

Analyses of automobile exhaust and 
flue gas for nitrogen oxides have, for 
the most part, been for total nitrogen 
oxides. Much or most of this must be 
in the form of nitric oxide. However, a 
few determinations of flue gases from 
domestic gas-fired equipment by a method 
specific for nitrogen dioxide indicates an 
appreciable amount of nitrogen diox- 
ide, 

Nitric Oxide Oxidation by Ozone 

The equilibrium constant for the 
nitric oxide reaction with ozone is far 
over towards the formation of nitrogen 
dioxide both at room temperature and at 
elevated temperatures (Table II). The 
rate of reaction of nitric oxide with 
ozone is extremely rapid even in the 
ppm. range’. At 1 ppm. each of ozone 


* See footnote 10, page 98. 

"M. A. Elliot, G. J. Nebel, and F. G. 
Rounds. J. Air Poll. Control Assoc. 5, 103- 

8 (1955). 

Footnote 2, 263-5. 
H. S. Johnston and H. J. Crosby. J. Chem. 
Phys. 22, 689-92 (1954). 
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TABLE III 


Concentrations of N2Q, at Various Total 
Concentrations of NOe-N2O4 Mixture 


N2O4 = 2 NOz Kp (25°C) — 0.143 atm. 


Total concn. 
of NO2-N204 
Mixture (ppm.) 


Conen. of N2O4 (ppm.) 


1000 ppm. 7 ppm. 
100 0.07 
10 77x10-* 
1 


and nitric oxide, 1/4 of the nitric oxide 
will be converted to nitrogen dioxide in 
less than 0.1 min. Even at 0.1 ppm. each 
of ozone and nitric oxide, 50% conver- 
sion takes less than 1 min. If the ozone 
concentration is of the same order of 
magnitude as the nitric oxide concentra- 
tion, nitric oxide will be rapidly con- 
verted to nitrogen dioxide. There are 
other reactions such as NO, photolysis 
which result in the reformation of NO. 
Also, the ozone can oxidize nitrogen 
dioxide further to dinitrogen pentoxide. 
The rate of this reaction is about 10 min. 
for 1/4 conversion at 1 ppm. of reactants 
and 100 min. for 14 conversion at 0.1 
ppm. of reactants, so it is 100 times 
slower than the NO-O; reaction. The 
N.O; formed can then react rapidly 
with nitric oxide to reform nitrogen 
dioxide. Thus, a quite complicated cycle 
of reactions is involved. 


Nitrogen Dioxide Photolysis 

The nitrogen dioxide produced by the 
reaction of nitric oxide with ozone and 
oxygen can be decomposed by ultra- 
violet radiation. At wave lengths of 
about 4400 angstroms and below, NO, 
is photolyzed to nitric oxide and atomic 
oxygen‘!* 148). Sunlight reaching ground 
level contains radiation down to 2900 
angstrom. Therefore, an appreciable 
amount of photolysis can occur. The 
atomic oxygen reacts very rapidly with 
molecular oxygen to form ozone. It can 
be seen from the equilibrium constant 
for the photolysis reaction that very little 
atomic oxygen is present in thermal 
equilibrium at room temperature. The 
reactions heretofore discussed are con- 
cerned with thermal equilibrium not 
involving energy input from an external 
source. The amount of photolysis oc- 
curing depends upon the intensity of 
the radiation used and the quantum ef- 


* H. H. Holmes and F. Daniels. J. Am. 
Chem. Soc. 56, 630-7 (1934). 

“8 T. C. Hall, Jr.; Photochemical Studies of 
Nitrogen Dioxide and Sulfur Dioxide, 
Doctoral Thesis, University of California, 
Los Angeles, 1953. 
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ficiency of the reaction which varies 
with wavelength. The amount of photo- 
lysis of nitrogen dioxide in the atmos- 
phere depends on the amount of sun- 
light reaching the earth’s surface. In the 
California coastal areas this photolysis 
is an important key reaction in the com- 
plex set of reactions occuring. A signifi- 
cant part of the total ozone concentra- 
tion appears to result from this reaction. 


Nitrogen Dioxide-Dinitrogen 
Tetroxide Equilibria 

In the gaseous state an equilibrium 
exists between nitrogen dioxide, NOs, 
and dinitrogen tetroxide, N.O,. The 
N.O, has a different infrared and ultra 
violet spectrum than NO,. Furthermore, 
the photolysis of N.O, does not begin 
until about 2800 angstrom unlike NO, 
which absorbs light and dissociates start- 
ing at about 4400 angstrom‘'*’. Con- 
sequently, an analysis of the behavior 
of gaseous nitrogen dioxide must be cor- 
rected for the dinitrogen tetroxide in 
equilibrium with it. This equilibrium is 
achieved very rapidly; the time for 14 
conversion of NO, to NO, being about 
10 microsec.”. 

Fortunately, this situation is greatly 
simplified at lower concentrations. The 
concentrations of N.O, at various total 
concentrations of NO.—N.O, mixtures 
can readily be calculated (Table III). 
At a 1000 ppm. concentration of the 
equilibrium mixture, 7 ppm. are in the 
form of N;O,, while at 1 ppm. of equi- 
librium mixture only 7 x 10° ppm. exist 
as N.O,. Consequently, at concentration 
of NO.-N.O, mixtures below 1000 ppm. 
or 0.1% essentially all of the material 
is in the form of nitrogen dioxide. As a 
result, both the spectroscopic determina 
tion of nitrogen dioxide and the photoly- 
sis mechanism are easier to work with at 
low concentrations. 

Dinitrogen Trioxide Equilibria 

A mixture of nitric oxide and nitrogen 
dioxide will combine to form dinitrogen 
trioxide, N.O;. While the N.O, exists 
in the liquid and solid states, it is quite 
unstable in the gaseous state. At 1000 
ppm. of equilibrium mixture only 0.1 
ppm. of N.O, exists in equilibrium with 
the NO and NO,, while at 1 ppm. of 
equilibrium mixture, only 10-7 ppm. of 
N.O; is present (Table IV). Although 
the rate at which equilibrium is attained 
does not appear to have been measured, 
the rate of reaction between 2 free radi- 
cal species such as NO and NO, should 
be very rapid. These results indicate that 
N.O; is not likely to be of significance 
in any reactions relevant to air pollution. 


* References 2, 113-15. 
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TABLE IV 


Concentrations of NeOs at Various Total 


Concentrations of NO-NO2-N2O3 Mixture - 


N2O3 — NO + NO2Kp (25°C) = 2.10 atm. 


Total Conen. of 


Concn. of (ppm.) 
Mixture (ppm.) 
1000 ppm. 0.1 ppm. 
100 ppm. 10-* ppm. 
10 ppm. 10" ppm. 
1 ppm. 10-* ppm. 


Equilibria Involving Nitric Acid and 
Nitrous Acid 

Nitric acid can be formed from the 
nitrogen oxides by a number of reactions 
(Table V). These involve the reaction 
of nitric oxide or nitrogen dioxide with 
oxygen or ozone in the presence of 
moisture and the hydrolysis of nitrogen 
dioxide by water. Nitrous acid is formed 
by the reaction of nitric oxide plus 
nitrogen dioxide with water. 


The reactions of nitric oxide with 
water and oxygen or ozone will convert 
essentially all of the nitric oxide to 
nitric acid at equilibrium. The reaction 
of nitrogen dioxide with water and 
oxygen goes about 98% to completion. 
That is, about 2% of the nitrogen diox- 
ide remains at equilibrium. Reaction of 
nitrogen dioxide with water forms about 
6% nitric acid at equilibrium, if the 
concentrations of nitric oxide and nitric 
acid are the same at equilibrium. If the 
nitric oxide and nitrogen dioxide are at 
the same concentration at equilibrium, 
the nitric acid will amount to about 
1.5%. About 20% nitrous acid is formed 
at equilibrium by the reaction of equal 


The effects of fluorides on vegetation, 
animals and humans have been under 
investigation for many years. That they 
can be damaging to all 3, if present in 
sufficient quantity, has been well es- 
tablished. There are thousands of ref- 
erences in the literature directly related 
to this problem. That sufficient con- 
centrations of fluorides may damage liv- 
ing matter and that in some indus- 
trial processes large quantities of fluoride 
may be discharged to the atmosphere has 
* Presented at the 49th Annual Meeting of 


egg held at Buffalo, N. Y., May 20-24, 


AUGUST 1956 


TABLE V 
‘ Equilibrium Constants for Some Nitrogen 
Oxide Reactions 

Reaction Kp (25°C) 
2 NO + H20 + 3/2 = 2HNOs3 2.51 x 10” 
2 NO + H2O + Os = 2HNOs 8.71 x 10% 
2 NOz + H20 + = 2HNO3 1.48 x 10° 
3 NOz + HzO = 2HNO;3 + NO 1.09 x 10 
NO NOz + = 2HNO2 


amounts of nitric oxide and nitrogen 
dioxide with water. All of these reac- 
tions are being considered at 25°C. 


The final equilibrium mixture will 
largely be nitric acid. However, since the 
reaction producing nitrous acid is quite 
fast®, initially there would be quite a 
bit of nitrous acid present in a dark 
reaction, i.e., in the absence of light. 
In the presence of light ozone is formed 
and should react rapidly and completely 
with nitrogen dioxide and water to form 
nitric acid. Furthermore, ozone might 
be expected to rapidly convert the nitrous 
acid formed to nitric acid, although rate 
data is not available. Consequently, in 
the presence of sunlight nitric acid 
would be expected to form rapidly with 
the initially-formed nitrous acid prob- 
ably also being rapidly converted to 
nitric acid. 


Conclusions 


The interactions of nitrogen oxides 
and oxy-acids with each other and with 
oxygen, ozone, water vapor and ultra 
violet light result in a complicated set 


* L. G. Wayne and D. M. Yost. J. Chem. 
Phys. 19, 41-7 (1951). 


Air Pollution from Fluorides* 


CHARLES R. WILLIAMS 
Harvard School of Public Health 
Boston, Mass. 


led to the inevitable fact that there is an 
air pollution problem from fluorides in 
industry. 

These compounds generally produce 
readily-detectable and identifiable re- 
sults when they attack plants, animals or 
humans. In addition, industries poten- 
tially capable of producing large quanti- 
ties of fluoride effluent are often rela- 
tively isolated and located in agricultural 
areas. This makes it a relatively simple 
matter to identify an industrial plant 
which may be producing such injury. 
Also from an economic standpoint losses 
can be high. Whether or not an eco- 
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of reactions. Fortunately much can be 
done to analyze these reactions by che 
application of chemical thermo-dynan ics 
and kinetics. Note, however, that re- 
actions of nitrogen oxides and oxyva: ids 
with the organic constituents of pollu‘ed 
air are not included. A more comp 2te 
analysis, which would include ever a 
small number of organic molecules kno wn 
to exist in polluted air would be con 
siderably more complicated. 


The present results indicate that amv ng 
the nitrogen oxides and oxy-acids; ni ric 
oxide, nitrogen dioxide and nitric acid 
are expected to be the most prevalent 
in polluted urban air. Nitrous oxide is 
also present in urban air but is of |2ss 
importance because of its lower chemical 
reactivity. From the standpoint of chem 
ical meteorology, nitrous oxide should be 
of considerable interest. 


The reactions involving dinitrogen 
pentoxide have not been included in this 
discussion. Unfortunately, insufficient 
structural and spectroscopic information 
is available at the present time to permit 
the calculations of the thermodynamic 
properties of N2Os. 


nomic loss occurs depends upon 2 factors: 
first, whether or not there is sufficient 
contaminant to produce damage and, 
second, whether or not there is anything 
to be damaged. Thus the nature of the 
environment in which an industrial plant 
is located will determine to a large degrce 
whether or not a serious fluoride pollu- 
tion problem will exist. In heavily in- 
dustrialized areas where a producer of 
fluoride pollution is but one of many 
offenders it may be difficult to place 
the blame for economic loss. In the case 
of a single plant located in the middie 
of an agricultural or dairy area, however, 
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the finger can be pointed with ease in 
the event of damage to crops or animals. 

There has been a long history in this 
country of severe crop and cattle dam- 
age in several areas caused by air pollu- 
tion from fluorides. In spite of an ex- 
tensive knowledge of both the cause and 
the effects of fluoride pollution, the 
proclem is becoming more and more 
sev re. There are at least 2 basic reasons 
for this. First, in those industries which 
hav2 a history of this problem, there has 
bee a vast increase in production and a 
sir 1ltaneous increase in the quantities of 
flu ride by-products produced. 

71 some instances, development of new 
prc cesses has increased fluoride produc- 
tio... Second, the introduction of indus- 
tric; known to have fluoride pollution 
prc lems into new states or new areas 
wh -re little is known of the problem has 
int nsified it. 

‘here are 2 major sources of fluorides 
res onsible for the pollution problem. 
TI :se are rock phosphate and fluorspar 
an. other ores of fluorine compounds. 
A >rief review of production figures for 
thse materials in recent years will define 
th: extent of the problem. 


Phosphate Rock 

Phosphate rock is utilized primarily 
fo. production of superphosphates (fert- 
ili:ers), food and medicinal phosphates, 
elemental phosphorus, phosphoric acid, 
ferro-phosphorus, stock and poultry feed 
and it is applied directly to the soil as 
fertilizer. The important sources are in 
Florida, Tennessee, Idaho, Montana, 
Utah and Wyoming. Production has in- 
creased rapidly during the last 10 yr. 
as indicated in Table I. 

Note that while production in Ten- 
nessee has remained relatively stable, it 
has increased substantially in Florida 
and the Western states. 

Utilization of this rock is important 
in understanding the impact on fluoride 
pollution. In general, fertilizers (super- 
phosphate) are processed near the source 
of the ore, while availability and cost of 
power has a greater influence on the lo- 
cation of industrial plants manufactur- 
ing elemental phosphorus. 

Table II, giving the uses of rock phos- 
phate from the 1950 figures of the 
Bureau of Mines Mineral Yearbook 
(1953), illustrates this fact. 


TABLE I 
Production of Phosphate Rock (Long Tons) 


(from Minerals Yearbook— 
U. S. Bureau of Mines) 


TABLE II 


Utilization of Rock Phosphate 
(Expressed in %) 


1945 1950 1952 
Florida 3,814,935] 8,597,227] 9,205,138 
Tennessee 1,260,849] 1,472,017| 1,444,737 
West. States 323,955] 1,044,915} 1,381,338 
Total U.S. 5,399,739] 11,114,159} 12,031,213 
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Florida 
Superphosphates 68 
Phosphates, Phosphoric and 5 
Elemental Phosphorus 
Direct application to soil 7 
Other uses 20 


Tennessee Western States 
26 
60 38 
16 9 
2 27 


Thus Florida, which does not have suf- 
ficient power for phosphorus production 
uses most of the rock phosphate mined 
for agricultural purposes, while in Tenn- 
essee and in the Western States, phos- 
phorus is the predominant product be- 
cause of abundant power. 


Rock phosphate is an important source 
of fluoride pollution because high grade 
ore contains 2 to 3% F. The phosphorus 
is present as fluorapatite and thus there 
is a fixed ratio of fluoride to phosphorus. 
This means there are roughly 25 tons of 
F available/1000 tons of rock processed. 
In those cases where the rock is processed 
in such a way that the fluorphosphate is 
broken down, large quantities of fluorides 
can be released. 


In production of elemental phosphorus, 
fluoride may be released in several of 
the steps in production. Because of this 
complexity, it is important in phosphorus 
production operations to undertake flu- 
oride balance studies to determine where 
fluoride losses are occurring before an 
intelligent approach can be made to con- 
trolling air pollution. It is also valuable 
from an economic standpoint to be able 
to apply control measures only where 
they are needed. 


Some of the fluoride loss occurs in 
the first step of calcining or sintering 
the ore. The amount depends primarily 
on temperatures used. Significant losses 
may occur in the electric furnaces. Part 
of this escapes directly into plant air and 
then to the atmosphere, while the re- 
mainder is in the offgas which is usually 
burned with subsequent release of flu- 
oride to the atmosphere. Substantial 
amounts of fluoride may be trapped in 
the furnace slag, but part of this may be 
released to the atmosphere during cool- 
ing in slag pits. Distribution of fluorides 
among these various sources will vary 
with variations in the process. Thus the 
necessity for study where these losses 
occur is obvious. 

The important fact to bear in mind is 
that for every ton of rock which is pro- 
cessed, 40 to 60 lb. of F may be released. 
In a plant processing 1000 tons of 
rock/day this can produce a serious air 
pollution problem if uncontrolled. Manu- 
facturers of elemental phosphorus can 
confirm this. 


In production of superphosphate, the 
rock is treated with sulfuric acid with 
resultant release of fluoride as HF and 
silicon tetrafluoride. This is an operation 
involving handling of large tonnages of 
ore and thus large quantities of gaseous 
fluoride. By the very nature of the pro- 
duct, fertilizer manufacturing plants are 
generally located in agricultural areas 
and thus may produce damage. 

A new development in this industry 
has been concentrated superphosphate, 
made by producing phosphoric acid from 
the rock, and treating additional rock 
with this phosphoric acid. This has re- 
sulted in an even greater release of flu- 
orides. In some areas it has changed the 
situation from borderline to definite 
damage. 

In 2 areas, one in Tennessee and one in 
Florida, the situation has been compli- 
cated by the operation of many plants 
(10-12) producing superphosphate, phos- 
phoric acid, animal and poultry feeds 
and elemental phosphorus, in a relatively 
small area (10 mile radius). The joint 
contributions of all the operations has 
produced a pollution problem of major 
proportions. In such a situation asses- 
sing the blame for damage is difficult. 
There are wide variations in process, 
size of operation, control measures, etc., 
among the plants. In addition, since the 
ultimate criterion is the total amount of 
fluoride emitted in an area, the permis- 
sible effluent/plant must be reduced 
substantially. It is absolutely necessary 
that such groups of industries work 
closely together in matters of evaluation 
and control if the situation is to be kept 
under control. 


Fluorspar and Other Fluoride Ores 

The utilization of fluorides, particu- 
larly in production of aluminum and 
steel provides another large-scale source 
of fluoride pollution. From 1948 to 
1952 the consumption of fluorides by 
industry increased from 406,269 to 
520,197 short tons. This is exclusive of 
cryolite, both natural and synthetic. Of 
the fluorspar consumed, the steel indus- 
try used 61% in 1948 and 53% in 1952; 
hydrofluoric acid increased from 24% in 
1948 to 34% in 1952, other uses (chiefly 
glass and enamel) decreased from 15% 
to 13%. The steel industry was a major 
user of fluorspar, primarily as a flux in 
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the manufacture of basic open hearth 
and basic electric steel. It is difficult to 
assss the proportion of fluorides released 
to the atmosphere, but the industry has 
had its problems. 


The Aluminum Industry 

In the production of aluminum metal 
from the refined ore (alumina) the 
source of fluoride is also incidental to 
the process. This is an operation in which 
alumine is mixed with fluorides in elec- 
trolytic furnaces. The fluorides act as a 
flux and are released to the atmosphere 
as a result of decomposition under high 
temperature conditions. There are 2 basi- 
cally different kinds of furnaces used, 
one of which employs pre-baked elec- 
trodes, the other provides for baking of 
the electrodes from the heat of the fur- 
nace during operations. In both instances 
the fluorides are carried upward by 
convection and in the absence of local 
exhaust, are generally released to the 
atmosphere through roof louvers. All 
these furnaces operate continuously. The 
quantities of fluorides produced vary 
with the number and sizes of the fur- 
naces and operating procedures. The 
quantity of fluoride escaping to the out- 
side depends not only upon these factors 
but also on whether or not attempts are 
made to control the effluent. There have 
been 2 major approaches to control. One 
of these is the installation of sprays and 
roof monitors, permitting the fluorides to 
escape from the furnaces and attempting 
to trap them at roof level. This has not 
produced satisfactory results. A second 
method of control is to provide local 
exhaust ventilation on each furnace and 
to pass the exhausted air through scrub- 
bing towers in an attempt to remove the 
fluorides at this point. The effectiveness 
of this system depends primarily on the 
kinds of hoods used, the volumes of air 


handled and on the effectiveness of the 


scrubber system. Such control systems 
are extremely costly because of the large 
numbers of furnaces involved and con- 
sequently the very large amounts of air 
which may be handled. In some of these 
plants 21/4 to 3 million ft.° of air/min. 
are being exhausted and scrubbed. 


Aluminum production depends pri- 
marily on ore and power. Plants are thus 
located either near the source of ore or 
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TABLE III 
: Fluorides in Vegetation (Ppm.) 
Distance in Miles Kit 
Product 2 4 6 
Fertilizer 3-21 6-14 0-15 3-24 6-21 No complaints 
(with collection) 
Fertilizer 81-153 | 39-120 16-81 14-47 6-44 No compla:nts 
(partial control) 
Fertilizer 52-285 | 35-177 19-41 9-48 6-17 No compla nts 
(partial control) 
Fertilizer 130-845 | 78-327 | 100-223] 64-114 Claims 
(partial control) 
Phosphorus 62-495 | 20-316 26-212} 8-140 | 12-110 Claims 
(Averages— 
several plants) 
Aluminum reduction| 160-1600}95-1000| 36-380] 8-135 4-87 Claims 
(Averages— 
several plants) 


in areas of low power cost. There are at 
the present time 6 aluminum producers 
operating in the states of Washington, 
Oregon, Montana, Texas, Arkansas, 
Alabama, Louisiana, North Carolina and 
New York. 

The Pacific Northwest has had a long 
history of damage claims as a result of 
injury to cattle and vegetation. Obvious- 
ly, aluminum reduction plants cannot 
operate without controlling the fluoride 
effluent. The severity of the problem 
depends on the amount of emission, cli- 
mate, meteorology, and the nature of the 
surrounding territory. Setting permissible 
levels for the amount of fluoride effluent 
is difficult. The gaseous fluorides: may 
be retained and built up in vegetation, 
so that time is a factor. The most satis- 
factory method found for evaluation of 
a fluoride pollution problem is a con- 
tinuing vegetation sampling program. A 
grid system must be set up and periodic 
samples of different kinds of vegetation 
collected periodically during the growing 
season. This will give the best measure 
of the effectiveness of control measures. 

In spite of tremendous amounts of 
work done in investigating this problem 
there are few valid criteria for fluorides 
in vegetation. There are 2 problems: (1) 
is related to the amount of fluoride in 
the vegetation which will cause damage 
and (2) is the amount of fluoride in 
vegetation which will produce injury in 
animals which consume it. Both are com- 
plex. The levels which will damage vege- 
tation vary with species over an extreme 
range. Fruit trees and some types of 
flowers are particularly susceptible to 
injury at low concentrations. Levels in 
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grasses and animal feed which will in- 

jure cattle also vary with the condiion 

of the cattle, fluoride intake from w ‘ter 

and other sources and time of exposiire. 
Typical Examples 

Because of the wide variety of con 
ditions, both as to amounts of efflucnt, 
its distribution, and the type of «rea 
being polluted, it is difficult to ive 
average data. A few examples may serve 
to illustrate the kinds of contamination 
involved. These are shown in Table [II. 

These figures represent the kinds of 
values which can be built up in vegeta: 
tion as a result of the operations dis 
cussed. They are a brief summary of 
thousands of values. Levels will vary with 
the many factors discussed above. Exten 
sive damage has occurred and in many 
instances the cost of claims has been 
staggering. 

With the volume of data available, 
obviously no plant producing large 
amounts of fluoride effluent can afford 
to neglect the air pollution problem. 
Vegetation levels should be kept below 
30 ppm. in order to prevent damage to 
cattle. Ventilation and collection should 
be installed at the time such a plant is 
constructed, for without such control, 
trouble will develop. Adding such in- 
stallations after operations have begun 
will increase their cost substantially. The 
cost of fluoride damage throughout the 
country to date has been many millions 
of dollars. If additional millions are not 
to be lost, dissemination of fluorides 
must be substantially reduced. The ques 
tion cannot be resolved by lawyers or 
public relations specialists. It can be 
handled only by sound engineering. 
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Public Health Responsibilities in Air Pollution* 


Air Pollution is the general term ap- 
plied to contaminating substances in the 
atmo:ohere. These substances may exist 
in th: form of dusts, vapors, gases, mists 
or oc ors and are derived from multiple 
sourc’s. The chief sources in urban and 
indus:rial areas are households, public 
and ; overnment-owned installations, and 
indu: rial plants. In Los Angeles, figures 
have deen quoted that 40% of air pol- 
lutio: is the responsibility of industry, 
60% due to other community activities. 
But may be stated with assurance, that 
muc! physiologically significant air pol- 
lutio stems from industry. 

O ficial agencies, research institutes, 
labor .tories, universities and large indus- 
trial corporations are all increasingly 
conc.rned with the complex problem 
of scurces of air pollution and their con- 
trol. It should not be forgotten that the 
inaucuration of air pollution control is 
primarily for the benefit of human 
bein's. 


Health and Air Pollution Defined 
Basically, what do we mean by health? 
Until fairly recently, a person was con- 
sidered healthy who was not sick. The 
World Health Organization defines 
health as follows: “A condition of com- 
plete physical, mental and social well- 
being, and not merely the absence of 
disease or infirmity.” This is a descrip- 
tive concept; not a yardstick for quanti- 
tative or qualitative measurement. By 
this concept, therefore, an atmospheric 
pollutant is any physical, chemical, or 
parasitic agent to be found in our natural 
or artificial environment capable of being 
air-borne and producing human death, 
illness, disability, injury or discomfort. 
The Air Pollution Conrtol Act (1954) 
adopted by the State of New Jersey fur- 
ther extends this definition by defining 
air pollution as “the presence in the out- 
door atmosphere of substances in quan- 
* Excerpts from an address presented at the 
Ist Air Sanitation Seminar of the Mid- 


Atlantic States Section of APCA at Rutgers 
University, April 13, 1955. 


of APCA 


DANIEL BERGSMA 
New Jersey State Commissioner of 
Health 


tities which are injurious to human, 
plant, or animal life or to property, or 
unreasonably interfere with the comfort- 
able enjoyment of life and property.” 


A health problem becomes a public 
health responsibility if or when it is of 
such character or extent as to be amen- 
able to solution only through systema- 
tized social action. Its relative import- 
ance varies with the hazard to the popu- 
lation exposed. This hazard may be 
qualitative, in terms of disability or 
death; quantitative, in terms of propor- 
tion of population affected; it may be 
actual or potential. ‘” 

The primary responsibility of the pub- 
lic health administrator is the welfare 
of the total community under his juris- 
diction. In a state as highly industrial- 
ized as New Jersey, a public health ad- 
ministrator, while not an engineer, a 
meteorologist, or a micro-analytical chem- 
ist, finds one of his duties is the investi- 
gation and solution of the air pollution 
problem. 


Health Factors 

The health of any community is a 
relative function and is influenced by 
many physical, pyschological, social and 
economic factors, including heredity, 
race, sex, age, income, nutrition, water 
and food sanitation, medical care, pa- 
thogenic micro-organisms, man-made air 
contaminants, occupation, housing, rec- 
reational facilities, climate and pollens. 
Adverse effects on health can be defined 
in a variety of terms. The relative pub- 
lic health significance of atmospheric 
pollutants depends upon their potency 
to produce, directly or indirectly, death, 
illness, disability, injury or discomfort. 
Public health and medico-legal problems 
created by some atmospheric pollutants, 
may require much time and research to 
solve. 


In this paper the word injury, as dis- 
tinguished from death, illness or disabil- 


* H. S. Mustard. Introduction to Public 
Health. 
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ity, includes physiological responses of 
such degree that the affected person be- 
comes conscious of the reaction, that an 
informed observer can detect the re- 
action, that the majority of persons simi- 
larly reacting would find the given phy- 
siological response a definite annoyance, 
and finally, that at least 2% of humans 
exposed to the given pollutant or combi- 
nation of pollutants under standard con- 
ditions would respond in an equal or 
more severe manner. 


Action Can Produce Relief 

Some persons not trained in medicine, 
who have never been responsible for diag- 
nosis and treatment of such sufferers, say 
that sneezing, coughing and swelling, 
congestion and watery discharge from 
mucous membranes, etc., are but normal 
physiological reactions designed to dilute 
and wash away the irritating substance. 
It is true that such physiological reactions 
are normal responses to irritating sub-— 
stances, but this does not prove that the 
irritating substance is normal, desirable 
or necessary. Thousands of hayfever 
sufferers, for example, cannot be ex- 
pected to accept their plight under the 
title normal physiological response when 
they learn that a sound weed control 
program can markedly reduce atmos- 
pheric pollution by the offending pollens, 
and thus give them great relief from 
their undesired and unnecessary physio- 
logical responses. 

An occasional citizen responds allerg- 
ically to tomato and may develop an 
asthmatic response or have hives with 
severe itching. These reactions may re- 
quire medical care and may prevent the 
individual from pursuing his usual activ- 
ities or earning his livelihood. At pres- 
ent, each person eats tomatoes or straw- 
berries, etc., at his own peril. This is 
not because the reaction is medically ex- 
plicable by reasonably well understood 
physiological and immunological reac- 
tions. It is because only a very small per- 
centage of persons has such a response 
to these foods. However, if a high per- 
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centage of the- citizens reacted in this 
manner to tomato or strawberry, it would 
become mandatory to indicate on every 
menu which foods or desserts contained 
these food items even in traces and in 
non-recognizable form such as in juices, 
icings, etc. This distinction may be ap- 
plied in the field of atmospheric pollu- 
tion. 

Clearly, from the public health ad- 
ministrator’s point of view, there are 
many known harmful atmospheric pollu- 
tants, including chlorine gas, hydrogen 
fluoride, sulfur trioxide, lead fume, 
beryllium, silica dust, anthrax spores, 


pollens, radioactive dusts, etc. Further- 
more, there are many more such as 
chromates, nickel carbonyl, aromatic 
amines, etc., which are strongly suspect 
for increasingly good medical and epi- 
demiological reasons. Time and research 
will eliminate the suspicion or add these 
to the list of known substances capable 
of producing harm to humans via the at- 
mosphere... 
Conclusion 

Legislation should be of the perform- 
ance rather than of the punitive type, 
although a penalty clause is always nec- 
essary in the event of a recalcitrant of- 


fender. Despite the lack of absolute 
standards and full knowledge as to al 
the causes of air pollution, it is possible 
to write codes or regulations broad 
enough in scope, and flexible enough ty 
allow for scientific discoveries con:ern 
ing the elimination of air contaminants 

With improved public relations, and 
self-regulation by industry, with ec'ucy 
tion and better understanding by ‘ocal 
citizens, and with impartial and «on 
discriminatory legislation and adr iniy 
tration by the State, the problem o at 
mospheric pollution will yield to ciag 
nosis and treatment. 
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Spontaneous heating within a refuse 
pile, caused by oxidation of the coal, 
abso: ption of moisture, and oxidation of 
pyri'c, will result in a fire if air flow 
thro gh the pile is within a certain cri- 
tical range. Outside of range at the lower 
end s the well compacted pile (little air 
mov ment) and at the upper end is the 
pile of large, non-friable coal (free air 
mo\ ment). It has been observed that 
both types of piles seldom catch fire. 


However, fires are of general occur- 
ren: in bituminous refuse piles because 
thei construction is such that the air 
flov falls within the critical range. This 
con-truction is a normal characteristic of 
aeriil tram, incline, larry, and careless 
tru x-disposal operations. As such piles 
become higher, size segregation, void 
space between larger pieces, erosion cuts, 
settiement, and the development of slip- 
page fissures enable restricted upward 
circulation of air. This chimney effect 
within the pile promotes spontaneous 
heating and utimate combustion of the 
refuse pile. 


Many coal operators have found that 
by observing proper care in the selection 
of dump sites and the methods of dis- 
posal, the occurrence of refuse fires can 
be eliminated. Such practices in pile con- 
struction as compaction by roller in thin 
layers, crushing the larger pieces to an 
intermediate size, reducing the pile slope, 
and the use of a terraced face will reduce 
spontaneous ignition and permit control 
of fires in unsealed piles. 


For even better protection against re- 
fuse pile fires, some operators have sealed 
the piles with clay or fine refuse. This 
procedure is very suitable for hillside 
sites because the hillside reduces the ex- 
posed edge area and clay is available for 
the seal at the rising pile level. 


Methods have been developed where- 
by existing refuse-pile fires can be ex- 


of APCA 


The Disposal of Coal Refuse 


Technical Coordinating Committee T-4 Coal Report 


tinguished. Water can be used to cool 
areas to be extinguished, but the use of 
water to stop the fire has not been suc- 
cessful. Satisfactory results have been 
obtained by sealing the burning pile with 
compacted refuse, cleaning plant sludge, 
or refuse fines. 


Introduction 


For many years the prevention of fires 
was given little consideration in the dis- 
posal of coal refuse. Fires were prevalent 
and atmospheric pollution (frequently 
intensified in valleys by atmospheric con- 
ditions) was severe in mining communi- 
ties. And the trend to mechanized and 
full seam operations, resulting in in- 
creasing amounts of refuse for surface 
disposal, aggravated the problem. Atmos- 
pheric pollution became a problem of 
serious concern to all coal operators. 


Articles on the mining and preparation 
of coal usually contain little or no in- 
formation on refuse disposal, and the 
subject is rarely treated comprehensively 
as a matter of importance in its own 
right. Lack of interest in the subject is 
clearly manifested in the technical litera- 
ture, and it seems fair to say that until 
recently both the industry and the public 
were indifferent to burning gob piles. By 
no means confined to the coal industry, 
however, an attitude of indifference to 
atmospheric pollution from all sources, 
domestic and industrial, generally pre- 
vailed in most heavily-populated centers. 
In fact, smoke was regarded as visible 
evidence of good times. 

In recent years the public attitude has 
changed. Increasing demand for abate- 
ment of atmospheric pollution is a factor 
which must seriously be considered by 
an operator who intends to construct a 
new refuse pile. The construction of a 
new pile should be undertaken with the 
realization that, unless properly con- 
structed, the pile will be a potential 
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menace for many years after operations 
in the mine and supervision of the pile 
shall have ceased. The compacting, seal- 
ing and crushing procedures herein rec- 
ommended are designed to prevent or 
minimize refuse fires. The cost of these 
procedures is not excessive and the pre- 
mium may be regarded as a contribution 
to community development and good 
public relations and as insurance against 
liabilities and costs in the control of 
refuse fires. In fact, some operators have 
reduced disposal cost, particularly in 
maintenance, depreciation, and even loss 
of trucks by changing from the driver's 
choice method of disposal to compacted 
layer construction of refuse piles. 


Layer disposal and compaction of 
refuse has reduced greatly the incidence 
of spontaneous ignition; such construc- 
tion is easily achieved by the use of trucks 
for refuse disposal. Trucks have largely 
displaced aerial trams and larries in mov- 
ing refuse from the cleaning plant to the 
dump because they are more flexible in 
operation and permit dumping and com- 
pacting in layers of desired thickness over 
an area of any configuration. The in- 
cidence of spontaneous fires could be still 
further reduced, possibly eliminated, if 
the exposed faces as well as the top of 
refuse piles were intensively compacted. 
The development of procedures for over- 
all compaction is necessary for reasonable 
fire protection in unsealed refuse piles. 


Practice in the compaction of refuse 
varies greatly, especially with respect to 
layer thickness, equipment for compac- 
tion and procedure used at the layer 
edges. Layer thickness, although fairly 
constant at each pile, has been observed 
generally to range at different opera- 
tions from 1 to about 10 ft. Compaction 
may be effected by bulldozer and directed 
travel of trucks (the weight of which 
varies greatly) or additional compacting 
equipment attached to the bulldozer may 
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be used; and procedure at the layer edges 
(pile faces) varies from compaction 
with a bulldozer (or bulldozer and 
roller) on low slope piles to complete 
disregard of compaction on high slope 
piles. Edge compaction presents little 
difficulty on the low slope piles which 
can be constructed in flat or rolling land, 
but it is a difficult problem on the high 
slope piles which frequently must be 
constructed in very hilly or mountainous 
terrain. 

Therefore, despite its advantages, layer 
disposal of refuse, as usually practiced, 
does not assure freedom from spontan- 
eous ignition. Frequently, the layers are 
so thick that rollers and trucks can com- 
pact only a relatively small portion (the 
crust of each layer) and quite generally 
the edges of the layers are not compacted 
at all. Furthermore, when layers are 
leveled it is common practice to push 
refuse over the edges. Therefore, in most 
steep piles there is substantial edge area 
of uncompacted retuse and increasingly 
an accumulation of segregated refuse 
along the faces, the fines along the upper 
slope and the coarse sizes rolling to the 
base of the pile. The danger of sponstan- 
eous ignition increases with the height 
and slope of such loosely constructed 
piles; and, of course, the danger of fires 
from irresponsible persons is always 
present. 


Disposal and pile construction pro- 
cedures should be designed to prevent or 
minimize spontaneous, incidential or de- 
liberate ignition of the refuse; in case 
of fire, to permit access to the pile for 
control and extinguishment of the fire; 
and at the termination of the operation, 
to facilitate the eventual establishment 
of vegetation. This definition goes be- 
yond the prevailing concept of responsi- 
bility in the matter; but it is a practical, 
attainable goal and the coal industry is 
morally bound to its acceptance. Coal 
will be mined in this country for many 


. centuries and each generation is obligated 


to dispoze of its refuse in such manner 
that it will be neither a potential source 
of atmospheric pollution nor a scar on 
the landscape. This goal can be attained 
only by the interest of top management 
in the problem. Interest at the highest 
level is quickly reflected by key person- 
nel at the plant and results in general 
appreciation and observance of improved 
methods of pile construction and main- 
tenance. 


Spontaneous Heating of Coal and 
Coal Refuse 
Spontaneous heating of coal and coal 
refuse piles is essentially an oxidation 
phenomenon, involving coal and asso- 
ciated pyrite and impure coal substances, 
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but it is recognized that moisture vapor 


. contributes in varying degrees to the self- 


heating process. There are 3 major heat 
producing reactions in this natural 
process. 


Oxidation of Coal 


Several investigators have attributed 
spontaneous heating to the formation of 
a coal-oxygen complex in which the 
oxygen is in an active condition, as in a 
peroxide formation. Jones and Townend, 
in particular, have compared coals and 
carbons with oils, rubbers and foodstuffs 
in respect to the mechanics of oxidation 
(peroxide effect) and they have mea- 
sured the formation, decay and stability 
of peroxygen in coals and carbons: 

The presence of adsorbed water is a neces- 
sary condition for the formation of this com- 
plex; this is more especially true of carbons 
. . . On coal exposed to air at ordinary 
temperatures the peroxygen complex builds 
up to a maximum concentration and then 
decays. The overall oxidation proceeds with- 
out interruption (or even at an accelerated 
rate) even when the peroxygen concentration 
has become very small he nature of 
the overall oxidation process (probably of the 
breakdown process) is greatly different above 
and below the critical temperature range of 
70 - 80°C. Below this range, CO is the main 
gaseous product and very little CO2 is formed; 
above it, COz and water are formed in much 
greater proportion than CO. 


Moisture Absorption 


Many observers have noted a tempera- 
ture rise in coal piles when dry coal is 
piled over a wet area or against wet coal, 
when rain follows prolonged dry spells, 
etc. Berkowitz and Schein have reported 
temperature rises from 1.1 to 36.1°C. 
(at rates from 0.30 to 6.70°C./min.) 
in calorimeter tests on air dried Common- 
wealth coals when oxygen and nitrogen 
saturated with moisture vapor were 
passed through the coals at 25° and 
40°C. Only insignificant temperature 
rises were observed with dry oxygen. 


. . . In recognizing that the heat of wetting 
may act as an important trigger it is not, 
however, essential to suppose that it can only 
affect initially dry fic While the heat of 
wetting/unit gain of water will necessarily 
decrease as the initial moisture content of the 
coal increases, it can readily be shown that it 
remains large enough to influence the oxida- 
tion velocity of any coal whose moisture con- 
tent has been depressed below its normal 
equilibrium value by a succession of warm 
dry days. The only proviso is that the coal 
shall be a reactive one in the sense of possess- 
ing a large internal surface. With unreactive 
coals, such as coking coals, even the maximum 
heat of wetting will normally be too small 
to affect the oxidation rate appreciably. 


Coal has the physical structure of a 
gel (porous structure and large internal 
surface area) and it is generally con- 
sidered that the spontaneous heating of 
coal, as determined by the above oxida- 
tion and moisture absorption reactions, 
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is a function of surface area, of whic 
the internal area in a substance of such 
wide variation in porosity, is the deter 
mining factor. However, Malherbe ob 
served little correlation between oxygen 
absorption tests and surface area mez 
surements on South African coals and 
concluded that if the oxygen absorotion 
test is a true measure of the tencengy 
to spontaneous ignition then this ten 
dency is not primarily dependent «1pon 
the extent of the internal surface but is 
influenced more by the chemical proper. 
ties of the surface. Quite likely, both 
physical and chemical structure ter 
mine the extent of spontaneous hea ing. 
Oxidation of Pyrite 

The atmospheric oxidation of pyrite 
is a factor of importance in the s on 
taneous heating of coal and coal re’ use, 
directly because the reaction is stro xgly 
exothermic and indirectly because as 
sociated coal is shattered by the reac tion 
and the active coal area is incre: sed. 
Obviously, the more finely-disperse:| in 
coal and carbonaceous substances, the 
more effective is the pyrite in this re 
spect. Also, pyrite is the major caus: of 
stream pollution in coal mining dist icts. 
It has been estimated that annually ai.out 
1,000,000 tons of sulphuric acid is dis. 
charged from coal mines into the streams 
of Pennsylvania. The dry and wet oxida’ 
tions proceed as follows; atmospheric 
moisture vapor favoring the more strong: 
ly exothermic wet reaction, with forma: 
tion of sulphuric acid: 


FeS, 30, >FeSO, SO. 
2FeS, fe 2H, + 702 
2FeSO, 2H.SO, 


GENERAL CONSTRUCTION OF 
REFUSE PILES 


Pile Location 


In hilly and mountainous mining dis 
tricts, coal refuse piles are generally 
(usually necessarily) constructed on hill 
sides. The placement of piles has been 
determined largely by economic factors, 
such as land values and space require’ 
ments in the vicinity of the cleaning 
plant and the cost of moving refuse from 
plant to pile (the largest element of cost 
in its disposal). The topography of the 
disposal site in relation to refuse capacity 
and pile construction costs (especially 
in sealed piles) is a consideration of in 
creasing importance. 


Disposal Area 


Sufficient land for the disposal of 
refuse during the mine operation expect’ 
ancy should be acquired within reason 
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able transportation distance from the 
preparation plant. If disposal space runs 
short, it is common experience that ad- 
joining land values suddenly increase. 


Preparation of Site 


The site of the pile should be cleared 
of v-getation. The importance of this 
prece ition is generally recognized, but 
it is pertinent to observe that occasion- 


ally »iles are allowed to encroach upon 
or even wooded land bordering 


grass: 
the s te 


If : pile must be located on a hillside 
with ut appreciable level land at the 
base, it may slide. Possibility of this oc- 
currc ice may be reduced by digging a 
deep wide trench across the hill at the 
base of the pile, throwing the earth for- 
warc to form a wall in front of the 
tren 1 and filling the trench with refuse. 


Dis; osal Procedures 


Compacted layer construction is the 
comr.on feature of all safe disposal 
met! ods. In addition, for greater pro- 
tectiin the pile faces should be sealed 
or t ey should be sloped or terraced to 
pern it compaction and control of pos- 
sible fires. Also, in limited but success- 
ful «se is the procedure of crushing the 
refuse to a fine size consist. 


Drainage 


Excessive water run-off from a hill 
back of the pile should be diverted from 
the pile. This will reduce erosion at the 
faces and operating difficulties during 
heavy rains (especially on heavy clay 
refuse). 


Mine Rock 


Since uncrushed mine rock cannot be 
compacted until it disintegrates, it will 
form large void spaces in a pile and 
favor the access of air, particularly if 
it is dumped near the edges of a pile. 
The disposal of rock at the edges of a 
pile is an open invitation to fire. It is 
advisable therefore to crush rock for dis- 
posal with plant refuse. 


Extraneous Refuse 


All extraneous mine, household and 
neighborhood refuse, such as mine tim- 
ber, boxes, paper, garbage, bottles and 
cans should be excluded from piles. Com- 
bustible or incombustible, all extraneous 
tefuse may accelerate spontaneous heat- 
ing of the coal refuse. Curiously, it is 
usually dumped where it is most certain 
to cause trouble—along the edges of a 

e. 


of APCA 


Unsealed Refuse Piles 


Thinner layers, intensive compaction 
and reduced or terraced slope to permit 
access to the faces are features of pile 
construction which will reduce spon- 
taneous ignition and permit control of 
fires from any cause in unsealed piles. 
The goal should be the development of 
acceptable methods of safely storing un- 
sealed coal refuse against the hazards of 
spontaneous, incidental and deliberate 
ignition. At present, at least, for most 
refuse piles and procedures in use, that 
degree of security is not assured. 


Thin Layers 


At one typical operation refuse is 
dumped from a scraper (loaded weight 
over 50 tons) in layers about 12 in. 
thick over the top of the pile except at 
the edges (considerable crushing being 
effected in this manner) and then it is 
pushed to the edge with a bulldozer. The 
faces slope at the natural angle of repose 
but hot spots develop only infrequently. 
The interior, main body of the pile is 
so well compacted that it would not 
burn. Thin layer dumping with this type 
of equipment is strongly recommended; 
in conjunction with lower slope or ter- 
raced construction to permit access to 
pile faces, it is the safest procedure for 
the construction of unsealed piles. 


Layer thickness is the primary factor 
in good compaction of refuse, just as it 
is in the compaction of earth for roads, 
fills, dams, etc. The effects of compaction 
decrease with distance from the layer 
surface and are rarely pronounced at a 
depth of 2 ft. Thick layers are honey- 
combed with void spaces which support 
combustion. For this reason, it is recom- 
mended that unsealed refuse should be 
deposited in layers not exceeding 2 ft. 
in thickness and that in all refuse opera- 
tions, transport equipment should be 
used which is capable of dumping refuse 
in layers or in piles of such height as can 
be easily leveled to the desired layer 
thickness. In the purchase of equipment, 
this consideration should be the dominat- 
ing factor. 


Compaction of Refuse 


In layer disposal of refuse by trucks, 
compaction is frequently effected only 
by the vehicles, and such compaction is 
usually superficial (especially at the 
edges) and it is poorly supervised, largely 
a matter of driver's choice. In conjunc- 
tion with truck compaction, it is recom- 
mended that refuse be compacted with a 
dozer and a heavy roller, such as sheeps- 
foot roller, a smooth cylindrical roller 
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(easily made in the shop) or a pneu- 
matic tire roller. 


At 2 mines of a mid-western operator, 
proper compaction methods have been 
successfully used. The refuse is deposited 
on the pile by trucks of 5 ton capacity. 
The type of refuse obtained from these 
2 mines is such that a considerable por- 
tion of it will slack when exposed to the 
atmosphere. Considerable disintegration 
takes place within 24 hr. At these 2 
mines, the 5-ton loads after slackening 
are bulldozed. Then a drag composed of 
four 60 Ib. railroad rails is attached to the 
bulldozer and the pile is further leveled. 
Finally, a roller consisting of 2 concrete 
cylinders 5 ft. in diam. by 4 ft. long is 
attached to the bulldozer for the final 
compaction. It is interesting to note that 
the drag and the roller may be passed 
over the pile 3 or 4 times. 

One coal company uses a concrete 
filled homemade roller (diam. 4 ft. and 
length 6 ft.) at their mine. Five x ¥ in. 
cone refuse is put down in layers about 
5 ft. thick and is compacted with the 
roller. Located at the head of a valley, 
most of the pile is naturally sealed by the 
hillside and the lower end is sealed by a 
heavy clay wall which extends across the 
valley. 


And of particular interest are 2 rollers 
recently developed by another company, 
viz., a dual wheel semi-trailer for use on 
pile tops and slopes and a side roller 
which is described further in this section. 
Both are equipped with pneumatic tires 
which (as in the case of trucks) have 
proved to be excellent compacting agents. 
For intensive compaction, they are heav- 
ily loaded with steel scrap. The several 
methods of compaction are shown in 
Fig. 1. 

Incidentally, one operator found a 
diesel powered roller to be unsuitable for 
use on heavy clay refuse—during hard 
rains the roller stalled in slushy refuse 
and needed assistance from a bulldozer 
for further locomotion. 


Weathered Refuse 


It is advisable to permit truck heaps 
of refuse to weather as long as possible 
before they are leveled into layers of the 
desired thickness and compacted. The 
longest possible weathering period at the 
edges before compaction is particularly 
desirable. Exposure to the atmosphere 
permits the initial oxidation of fresh, re- 
active coal and pyrite to proceed rapidly 
under conditions in which the heat is 
dissipated; and it causes disintegration of 
slate and rock in the refuse so that sub- 
sequent crushing and compaction by 
truck or roller is greatly facilitated. The 
speed of weathering or disintegration is 
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greater in some districts than in others 
but it is a factor which always should - 
be utilized to the utmost advantage. The 
larger the pile, the longer will be the 
weathering period for each layer and the 
more advantage can be derived from the 
weathering process. Some operators con- 
sider this factor to be of such importance 
that they have 2 refuse piles, one of 
which is weathering while the other is 
receiving refuse. 


Coarsely Crushed Refuse 


If trouble is experienced in compacting 
mine refuse, pickings and large sizes of 
washery refuse, much benefit will be ob- 
tained by crushing to an intermediate 
size, 3 in. or less, before disposal in the 
usual manner. 


Reduced Slope 


Reduction of the slope is the simplest 
way to provide access to the pile sides for 
compaction and assure control of fires. 
It is possible that the bulldozer or the 
dozer and trailer previously mentioned 
can be used effectively to control hot 
spots on weathered ‘refuse with slopes as 
high as 50%. Size consist, weathering 
characteristics and crushing effect of the 
compacting equipment will determine the 
facility with which the bulldozer can 
operate on steep slopes. If difficulty is 
encountered, it is suggested that the 
refuse be deposited in thin layers well 
within the edge and that it be weathered 
and crushed with a roller before it is 
pushed to the edge with the bulldozer; 
or better, crush the edge refuse before 
it is dumped. In this manner the slope 
can be better compacted in depth. 

Generally, reduction of the slope from 
the normal angle of repose to a maximum 
of about 50%, as recommended, does not 
entail serious loss of pile capacity, as 
may be noted in Fig. 2. OA is a 100% 
slope line (roughly the normal angle of 
repose) and OB is the recommended 
slope. Hillside slopes of 10, 20 and 30% 
through points of origin on the base line 
may be seen. Comparison of the slope 
lines permits a qualitative estimation of 
the effect of pile slope, hillside slope, 
pile height, and level land (apron) in 
front of the hill on the capacity of the 


pile. Except on very steep hillsides with 
no level land on the pile base, the pile 
capacity is not seriously affected by the 
slope reduction to about 50%. 


Terraced Side 


Access to the pile side can also be pro- 
vided by terraced construction. The ter- 
race also reduces the fire hazard by 
checking the draft along the slope. The 
use of some type of side roller, (Fig. 1), 
is of particular interest for use on ter- 
raced piles with slopes which are inac- 
cessible to conventional compacting 
equipment. The roller consists essentially 
of heavy dual wheels with pneumatic 
tires closely mounted on a short axle 
which is connected by a long frame to 
the side of a bulldozer. An adjustable 
jack on the axle and pin couplings at the 
dozer permit’ vertical adjustment of the 
roller to the contour of the edge of the 
pile. A box loaded with steel rails is 
mounted on the axle near the wheels. 
The loaded weight of the roller is about 
10 tons. When the dozer is opezated 
along the edge of the pile, the roller ex- 
tends over the edge and gives a rounded 
and compacted edge. The slope can be 
rolled for a distance of 12 ft. below or 
above the level of the dozer. The entire 
edge area of each layer or bench can be 
quickly compacted if the side roller and 
semi-trailer previously mentioned are 
both attached to the dozer. 


Sealed Refuse Piles 


For better protection against fires, 
some operators seal refuse piles with clay. 
At one operation on the Allegheny 
River, layers of clay about 15 in. thick 
are interposed between compacted layers 
of refuse about 36 in. thick and the layer 
edges also are sealed. In general, how- 
ever, clay is used only at the layer edges; 
in conjunction with compactec layer dis- 
posal of the refuse this practice has elim- 
inated fires at several mines. Sealed con- 
struction offers maximum protection 
against fires, pile concealment and pro- 
tection of pure water sources. 

Hillside sites are favored for the con- 
struction of sealed piles because the hill- 
side reduces the exposed edge area and 
clay is available for the seal at the rising 
pile level. Narrow valleys with steep hill- 
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Fig. 2. Hillside and suggested pile slopes 
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B. Dumping refuse with a scraper in ayers 
about 12 in. thick at Robena (very good 
compaction. ) 


D. Concrete 
Arkwright 


Fig. 1. 


side slope restrict the pile width and 
capacity and entail high pile construction 
costs; and particularly in narrow val 
leys, provision for drainage of water 
along the valley channel in front of the 
pile seriously reduces the available dis 
posal area. Rolling terrain and broad 
valleys with low hillside slope, however, 
permit piles of substantial width; and in 
such locations pile capacity is high and 
compacting and sealing costs are low. 
Lowest sealing costs can be achieved in 
valleys which can be filled with refuse 
from one hillside to the other, across the 
span of the valley, as in a dry valley of 
a valley in which the drainage above the 
pile is not excessive and can be handled 
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Fig. 3. Uncompacted edge seal 


in a concrete pipe on the valley floor 
under the pile (the pipe being heavily 
covered with clay to prevent access of 
air t the interior of the pile, possible 
fire «ad corrosion of the pipe). In such 
locat: ns, if the upper end extends to the 
head of the valley or feathers out against 
the valley floor, only a seal across the 
valle. at the lower end of the pile is 
neces -ary. 

St:ip operations afford an opportun- 
ity {or the complete sealing of refuse. 
In 0 erations on clean streams in Penn- 
sylve iia, it is required that sulfuritic 
coal above the seam be segregated and 
cove ed with clean spoil. Similarly, 
clear ing plant reject can be dumped in 
the ; it and covered in the operating pro- 
cedu-es. At little extra cost, refuse can 
be cirried on the empty haul from the 
clearing plant to the pit. 


Fis. 3 is an uncompacted edge seal 
whic we have described in detail. It 
can »e constructed cheaply in one opera- 
tion with a shovel or dragline. The seal 
has oeen modified (as indicated) in ac- 
cordance with observations on the erosion 


of clay seals; it is now recommended that 
each clay wall be set back 4 ft. (instead 
of 2 ft.) from the underlying wall, re- 
ducing the overall slope from about 68 
to 52%. 


Fig. 4 is a layer constructed, com- 
pacted edge seal, each wall of clay being 
4 ft. high and set back from the under- 
lying wall to provide an average face 
slope of 50%. It is a tighter seal and 
it offers more resistance to erosion than 
the preceding seal, particularly in clay- 
shale construction. 


Although not indicated in the sketches, 
one would, if possible, construct the first 
wall by digging a trench and throwing 
the earth forward. The trench would be 
filled with the first layer of refuse. Clay 
for succeeding walls on a hillside pile 
would be obtained, as far as possible, 
from the hillside at the same level as the 
corresponding wall and excavated space 
would be filled with refuse. 


In sealed layer construction, the seal 
for each layer should always be put down 
before the refuse. Otherwise, drivers 
invariably dump the refuse beyond its 
proper limit and the seal thickness is 
irregular and in some spots dangerously 
thin. Each layer should be set back from 
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Fig. 4. Compacted edge seal 


the underlying layer and the seals should 
be covered with vegetation to hold ero- 
sion to a minimum. (Liming may be nec- 
essary for the establishment of vegetation 
because of acid drainage.) 

Fig. 5 is a partial edge seal suggested 
for economical use of a sealant of limited 
availability. Clay, fly ash, fine refuse 
or sludge from a settling pond may be 
used for the seal. The sealant is applied 
as a relatively thin layer between layers 
of refuse around the exposed edges of 
the pile, each layer extending inward 
from the edge for a distance of about 16 
ft. In this manner, the sealant forms a 
series of dampers to check the draft along 
the slope; it is better protected from ero- 
sion than if it were applied as a thin 
external seal on the slope of the pile. In 
conjunction with slope reduction (to per- 
mit side compaction) this procedure 
should give satisfactory fire protection. 


Crushed Refuse Piles 

Some operators crush mine refuse and 
large size plant refuse to an intermediate 
size before disposal. This procedure is 
advisable particularly in the disposal of 
mine refuse in unsealed piles because 
large, unweathered rock and slate cannot 
be properly compacted. 

Refuse from the cleaning plant has 
been finely crushed and deposited in 
layer constructed piles for many years at 
one Western Pennsylvania operation. 
Coal is crushed to —4 in. and is cleaned 
in a launder. The reject is passed over 
a shaker screen (3g in. square openings) 
and the overpass is crushed. 

The feed to the screen is roughly as 
follows: 


in. 58% 
3/, x 20 mesh 35 
—20 mesh 7 


Crushed and uncrushed refuse go to 
the same bin and it is trucked from the 
bin to the disposal pile. Screen analysis 


+%, in. 14.79% 
24.51 
4x20 mesh 47.47 

—20 mesh 13.22 


The refuse is deposited on the pile in 
separate heaps and it is leveled period- 
ically with a bulldozer to a layer thick- 
ness of about 5 ft. The top of the pile 
is maintained very level, and it is com- 
pacted only by the trucks. Each layer is 
set back slightly from the underlying 
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Fig. 5. Partial edge seal 


layer to reduce erosive effects. Rather 
deep drainage channels, however, are 
evident along the sides. Slight heating 
appears to have occurred in some fissures 
but there have never been any fires be- 
cause all of the refuse is crushed to a 
fine size consist. The older piles are cov- 
ered with crushed slag. Fire in these 
piles is extremely unlikely. 


The cost of fine crushing is commonly 
considered to be excessive. However, the 
cost is justified in disposal operations 
where, in the absence of sealing clay and 
equipment for edge compaction, the best 
possible assurance is required that the 
refuse will not fire. 


TREATMENT OF EXISTING 
REFUSE PILE FIRES 


Water 


Water, ancient aid to man in combat- 
ing fire, appears to have been only par- 
tially successful in the extinguishment of 
refuse fires. During the Second World 
War, water was used extensively as a 
spray over burning tips in Great Britain 
to prevent their use as beacons for Ger- 
man airplanes. In most cases, the effect 
of the water was temporary; fires re- 
curred when the spray was discontinued. 
A similar experience with attempted 
spray control of a fire in a long larry 
pile was noted near Pittsburgh. The fire 
appeared to be under control but it 
slowly spread toward the tipple. Finally, 
to halt its advance, a cut was made 
through the pile with a high pressure 
stream of water and a bulldozer. Ad- 
vantageous use of the spray appears to be 
limited to situations demanding reduction 
of atmospheric pollution from piles in- 
accessible for effective leveling, grading, 
compacting and sealing operations (as in 
aerial tram piles). Similarly, water was 
observed in another instance to have 
been used with limited success by form- 
ing a basin on the top of a burning pile 
and filling it with water; complaints 
from neighboring residents subsided but 
the fire smoldered in cracks and fissures 
for many years. Better results can be ob- 
tained by pumping cleaning plant slurry 
into a basin on a burning pile. In the use 
of slurry, care should be taken that the 
water does not cut channels in the face 
of the pile. 

Incidentally, water can be used very 
effectively in conjunction with a shovel 
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or bulldozer to quench, dig out or level 
and stamp out fires in accessible loca- 
tions. In this manner, fires in a refuse 
atea of about 10 acres were extin- 
guished. Two pumps were installed, 
each capable of pumping 1000/gal./min. 
through 6 in. discharge lines. At 
the fire area, the 6 in. lines were split 
into a number of 2 in. lines in order to 
effect a wider distribution of water on 
the burning pile. As the fringe areas 
were cooled, the refuse was pushed aside 
with a bulldozer so that water could be 
applied directly to the burning areas. 
This procedure was followed until the 
entire area was extinguished in about 60 
days. 
Compacted Refuse Seal 


A procedure for leveling the top, 
grading or doming the slopes, compact- 
ing and sealing the entire surface (in- 
cluding hot spots) with fresh refuse and 
extending the base where necessary to 
consolidate irregular portions of the pile 
has been followed. “Intensive compaction 
procedures were used and control over 
the fires was gained without the use of 
clay. Needless to say, compaction of hot 
spots with a bulldozer and sheepsfoot 
roller must be attended with caution. 
In treacherous spots, the roller was 
pushed into the burning area ahead of 
the bulldozer. Generally, the slopes were 
graded and compacted but occasionally 
a procedure of envelopment was used, 
building a wall of fresh refuse around 
a burning slope and then filling in the 
hole; and some high slopes were not 
graded but were rolled along the top 
edge with the side roller previously men- 
tioned, in this manner sealing fissures 
along the edge and forming a tight cap 
which greatly reduced the chimney effect 
and combustion along the slope. 

Also, a refuse pile on the Allegheny 
River has been successfully reconstructed 
in a similar manner. Changing from 
larries to trucks for refuse disposal, the 
top of the old pile, very irregular and 
burning for many years, was leveled, 
graded, terraced and compacted and it 
was sealed with successive compacted 
layers of fresh refuse. At the same time, 
an extensive sealing operation was con- 
ducted over a period of about 2 years 
which resulted in a heavy clay seal over 
the face of the pile. This operation, com- 
pleted in 1953, is another most creditable 
achievement in the extinguishment of 
gob fires. 


Sludge Seal 


Several refuse piles were extinguished 
by leveling the top and sealing the top 
and sides with cleaning plant sludge. 
The procedure was so successful that 
refuse is now dumped on a pile which 
was extinguished in that manner and 
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they have continued to use sludge in the 
disposal operation to prevent the recur- 
rence of fires. The sludge is trucked 
from the settling basin to the pile, and 
it is spread in a layer about 12 in. thick 
over each layer of refuse (about 5 ft. 
thick). The layer edges are also covered 
with sludge. 


Fine Refuse, Fly Ash Seals 

Refuse fires have been extinguished by 
sealing with — \/4in. refuse. Other opera- 
tors have obtained good results by seal- 
ing burning piles with cleaning plant 
sludge and with fly ash. It should be ob- 
served, however, that heavy seals of such 
fine substance are necessary because ero- 
sion at the normal angle of repose is 
quite severe. 


Clay Seal 

Generally, clay is of limited value 
when it is dumped over a burning area on 
the side of a pile because cracks develop 
in clay over hot spots and impair the seal. 
Clay can be used more effectively over 
surfaces which can be compacted. It 
may be noted, however, that at a pile 
now under observation a heavy crown 
of clay over the top and extending about 
half way down the steep slope appears 
to have confined a fire to its origin in 
the lower part of the pile. 


OTHER CONSIDERATIONS 
Trespassers 

Trespass on the pile and particularly 
the activity of pickers should be pro- 
hibited. Treacherous hot spots and dang- 
erous concentrations of carbon monoxides 
present special dangers to irresponsible 
persons. At surface level over fissures 
near hot spots concentrations of over 
1000 ppm. of carbon monoxide (1500- 
2000 ppm. is a dangerous concentration 
for an exposure of 1 hr.) have been 
noticed. In no case, however, have ap- 
preciable concentrations of this gas been 
observed at a height of 6 ft. above the 
surface. 


Vegetative Cover 

Although the reclamation of stripped 
lands is receiving the attention of pro- 
gressive operators, comparatively little 
interest has been shown in the establish- 
ment of vegetation on refuse piles. It 
will probably be found necessary to adapt 
the procedure to the character of the 
refuse. In general, efforts to promote 
vegetation are most likely to be success- 
ful (even with a thin cover of top soil) 
after a weathering period of such extent 
as may be necessary to leach the oxida- 
tion products of pyrite (sulphuric acid 
and ferric sulfate) and to establish mois- 
ture retention characteristics in some 
depth in the refuse. 
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Fresh Refuse on Old Piles 

Many fires have resulted, it has bee 
reported, from the piling of fresh refug 
upon old refuse. This occurrence is mo: 
probable, it seems, when wet refuse 
piled loosely against highly carbonaceo 
refuse, such as pickings from older op 
erations. On the other hand, in recon 
struction operations at several old bum 
ing piles, the piles have been leveled 
graded and compacted (including ho 
spots) and then have been covered with 
layers of fresh, compacted refuse, an 
the fires have been smothered. There 
fore, covering operations in which 
refuse is compacted seem to be safe pro 
cedures but the placement of wet refusy 
beside old highly carbonaceous re fusj 
may result in fires; and in the latte: in 
stance a barrier of clay should be iitter 
posed between the old and the new tiles 


Mine Buildings 
Buildings have been constructed o 
refuse piles at many old mines, particw 
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refuse and expanded operations has madeizat ‘ons 
it necessary to use refuse areas for buildfind di 


ings and storage of equipment and sup 
plies. The disturbance of a dorman 
refuse pile occasioned by such construc’ 
tion may easily result in spontanco 

heating and eventual firing of the old 
refuse pile. Such a fire may advance a 
considerable distance along exposed edges 
and into the uncompacted interior, even 
proceeding under a building with a con 
crete floor. Workers in the building 
may be subjected to dangerous concen: 
trations of toxic gases and the foundation 
of the building may settle. It then be: 
comes necessary to extinguish the fire 
and either repair the building or con 
struct another building in some other 
location. Either procedure is trouble: 
some and expensive. It is therefore de- 
sirable to avoid refuse areas for con 
struction of buildings or, if construction 
is unavoidable, all exposed surfaces of 
the pile should be adequately sealed to 
prevent air entering the pile with result: 
ant heating and firing of the interior. 
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Adopted by 


National Conference on Metropolitan Problems 


More than 250 persons including business wn and women, 
labor leaders, public officials, educators, and officers in civic and 
professional organizations participated in the National Conference 
on Metropolitan Problems, held at Kellogg Center, Michigan State 
University, East Lansing, Michigan from April 29 to May 2, 1956. 
Executive Secretary H. C. Ballman represented APCA. 


The full proceedings of the Conference are being prepared for 


publication. 


At the National Conference on Met- 
rop litan Problems, held at Kellogg Cen- 
Michigan State University from 
pril 29 to May 2, 1956, 200 business 
men and women, labor leaders, federal, 
stat: and local officials, educators, and 
officers of civic and professional organ- 
izat‘ons, divided into 12 separate groups 
and discussed for 3 half-day sessions 
(1) the metropolitan challenge to gov- 
ment; 


ancouq(2) how to make government in metro- 

he old politan areas capable of doing its 

ance a job, and 

1 edges (3) what can be done to bring about 

greater cooperation among agen- 

cies, organizations, and individuals 
concerned with metropolitan prob- 

oncen 

dation 

en be} The United States and Canada are 

fireftapidly becoming urban nations 
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throughout this century, and especially 
since the war, most of the increase in 
population has occurred in the larger 
cities and their surburban fringes. Be- 
tween 1950 and 1955, over 97% of the 
total increase of poulation in the United 
States was in the 168 standard metro- 
politan areas listed in 1950 census. 


For purposes of conference discussion, 
the standard metropolitan area, as de- 
fined by the federal government’, was 
generally accepted as satisfactory for the 
gathering, summation, and comparison 
of statistics. It was felt, however, that 
uncritical use of this definition would 
hide many essential elements in the 
metropolitan complex. To one concerned 
with the government of metropolitan 
areas essential elements are: large size, 
high population density, interdependence, 
fluidity of movement, and fractionated 
government. 


There are many urban problems that 
are not metropolitan problems. There was 
general agreement to consider as metro- 
politan problems only those problems 
arising from a large congested popula- 
tion living and working interdependently 
in a considerable territory and rushing 
to and fro, with governments which do 
not coincide with the patterns of life. 

Small urban places are, however, de- 
veloping many of the political and 
governmental characteristics of the large 
metropolis. 

Development of metropolitan com- 
munities is the natural end-product of 
over a century of industrialization ac- 
companied by increased agricultural pro- 
ductivity. The form of the metropolitan 
area is determined by such factors as 
changing technology (the automobile, the 
septic tank, the power pump, etc.) 
economics of mass housing, lack of room 
in the central city and older suburbs, 
government housing policies, search for 
individual homes surrounded by acreage, 
etc. There was considerable speculation 
as to whether the future metropolitan 
community would look like New York 
or Los Angeles. 

The almost-universal division of metro- 
politan areas into many units of local 
government is the result of numerous 
factors. In general, it reflects the fact 


* Except in New England, a standard metro- 
politan area is a county or group of con- 
tiguous counties which contains at least 1 
city of 50,000 inhabitants or more. In ad- 
dition to the county, or counties, containing 
such a city, or cities, contiguous counties 
are included in a standard metropolitan area 
if, according to certain criteria they are 
essentially metropolitan in character and 
socially and economically integrated with 
the central city . . . In New England 

. towns and cities instead of counties 
were the units used in defining standard 
metropolitan areas—U. S. Census of Pop- 
ulation (1950) Vol. I. Number of Inhabi- 
tants. p. 33. 
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that population growth has extended out- 
ward from urban centers and overrun 
boundaries of the central city and many 
other long-established governmental en- 
tities. In some metropolitan areas, cities 
originally separated by open country 
have simply grown into each other. Also, 
additional local governmental agencies 
have been created in growth areas to 
provide urban services as needs become 
critical. 

Rivalries and conflicts among neigh- 
boring communities, suburban distrust of 
the central city, as well as general lack 
of foresight, have contributed to the 
absence or failure of measures which 
might have limited or relieved effects of 
metropolitan fragmentation. 

The growth of existing metropolitan 
areas and development of additional 
areas that meet the definition used by 
the Bureau of the Census will continue 
for several decades. By 1960 there may 
be a score of new standard metropolitan 
areas. Present and new metropolitan 
areas will account for most of the increase 
in population. This enormous growth 
will increase the number and complexity 
of metropolitan problems. 

This growth will be accompanied by 
further concentration of the labor force, 
higher and more widely distributed in- 
come, more leisure time, larger families 
more old people, and more demand for 
the services of local governments. De- 
velopment of air travel may affect dis- 
tribution of population as will continued 
movement of surplus farm population to 
cities. 

Development and expansion will con- 
tinue to take place on fringes of metro- 
politan areas. One result in some parts 
of the country will be the coalescence of 
metropolitan areas into vast urban 
regions. Some participants pointed out 
that the linear city might invalidate in 
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some areas the concept of central q& 
plus surburbs; we may be in danger ¢ 
attacking a problem already outmoded 
However, it is noted that a few stata 
and the federal government are begin 
ning to deal with some urban problen 
on regional and national scales. 

The function of the core city, or 4 


politan 
designe 
the sol 
ment ¢ 
utiliza’ 
ticip it 


least the central business district, oe 
changing. What these changes will 


a few years from now is not clear; 
appears that even with a new role 
play in the social, economic, and politica 
life of the metropolis the core city wil 
continue as a center of metropolitan life 
Physical and functional obsolescenc: 0 
older areas may continue at an accelcrat 
ing rate unless checked by urban 
development and renewal. 

No major counter-trends can be iden 
tified, although traffic congestion and 
possibility of aerial warfare could in ‘img 
reverse the movement of poulation and 
industry to metropolitan areas. 

Conference participants 
problems vary in extent and intensity i 
different metropolitan areas and occu 
at different times in the same metropoli 
tan area. Some participants consider th 
diffusion of popular control of metro 
politan activities the most imporcani 
metropolitan problem. Others while ad 
mitting the importance of this problem 
emphasize the primary importance 


Fort i1 


providing a sufficient level of service t = ; 
urban people. Transportation, wate 
supply and distribution, disposal of sew’ | 
age and other wastes, schools, land us loca 
planning and control are pressing 
lems in most metropolitan areas. :. 
Failure to solve these problems affects a 
urban life adversely at many points oa 
Economic productivity of metropolitan PO" 
areas is reduced and their full potential "©" 
development is unrealized. There is in velo 
° e RJ” i i 

dust filter. Arrows > of dust and comfort and of the P ublig This 

and DAY is reduced. The ineffectiveness of local 

patents applied for.) drive to on 

° ° ward direct state and federal action. 

DAY “Type RJ” Dust Filter—First and Only It is not possible at this point to chart - 
Dust Filter to Offer All These Advantages fully the course or courses that will lead Oy 

to the best solutions. There are, however 

@ An economical, high efficiency, automatic- @ Economical operation—vtilizes 2 HP certain clear objectives which will guide me 
continuous dust filter. motor for filter sleeve cleaning. us in determining governmental struc oa 
low cost unit. @ Can be furnished for pressure or vacuum tan areas. ( lish: 
© Provides efficiencies as high as 99.99+%. operation. The basic need is for government that : 
@ Aut ti operation makes @ Shipped completely assembled. Only pip- will serve the people of metropolitan a 
filter ideal for controlling dust created by ing and electrical connections required for communities effectively and efficiently at 
with active citizen participation andj 
— popular control. An adequate and equit’ Foxe 

The DAY “Type RJ” dust filter has many advantages to offer able revenue system, some local initiative a 

co your plant. Get the complete facts, write toDAY for Bulletin 560. and self-government for traditional orm "© 

natural communities within a metropoli 9 

tan area, and provision for adaptationgm 

Ve D AY Company to growth and change are important adj" 

ditional ubjectives. Any system of 

y 862 Third Avenue N. E., Minneapolis, Minn. Car 

IN CANADA: P. O. Box 70, Ft. William, Ontario poi 
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politan government, moreover, should be 
designed and operated with a view to 
the sound economic and social develop- 
ment of the area as a whole, and the full 
utilization of private initiative and par- 
ticip tion in meeting community needs. 

Tiere is no single form of govern- 
men‘al organization that will meet the 
need: of all metropolitan communities. 
Fort inately, however, we have had ex- 
periice with a variety of arrangements 
whic), in different combinations, offer 
hope ul avenues to progress. 

G vernment must be tailored to the 
neec. of each community. This means 
loca’ people and officials must assume 
maj: responsibility for studying their 
owr needs and forming and executing 
thei own plans. The possible scope of 
loce. action depends to a very large ex- 
tent on the state. 

Tiere is an urgent need for review 
and relaxation of certain constitutional 
and other legal limitations on the powers 
of « sisting local units and for enactment 
of -gislation to permit new forms of 
loc’ government. Development of local 
cap city to finance government in metro- 
pol: an areas adequately and equitably 
cali. in many places for elimination or 
mo. ification of legal limitations on fiscal 
powers as well as for revision of local 
tax systems, including assessment prac- 
tices. 

\hile complete consolidation of all 
local governments into a new metropoli- 
tan government is one of the theoretical 
possibilities, it is neither a likely nor a 
desirable solution, except possibly in new 
and relatively small or emerging metro- 
politan communities. Serious considera- 
tion should, however, be given to de- 
velopment of general metropolitan gov- 
ernments with limited functions, leaving 
all other functions to existing local units. 
This goal may be approached in different 
ways in different communities. Greater 
use is being made, for example, of the 
urban county as an instrumentality of 
metropolitan government, especially 
where a single county embraces all or 
most of the metropolitan area. Single or 
multi-purpose metropolitan districts and 
authorities are demonstrably useful in 
meeting urgent service needs. Yet estab- 
lishment of a variety of such agencies in 
an area increases the number of units of 
government, complicates the problem of 
achieving coordinated action, and in- 
creases the difficulty of maintaining ef- 
fective popular control. It is possible, 
however, that development of a multi- 
purpose metropolitan district to meet the 
immediate and urgent need for area- 
wide services might lead ultimately to 
establishment of a general government 
carrying on a limited number of metro- 
politan functions. 
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..@ Ducon engineered recovery system 
saves thousands of dollars 
in wallboard production. 


Aleading manufacturer of wallboard experienced 
this problem, losing valuable profits in waste materials 
which escaped not only in hole drilling but during sizing, 


Ducon 


hyn A trimming, beveling and mortising operations. To combat 
TYPE WB 


this problem Ducon engineers recommended a special 
installation which provided efficient, automatic collec- 
tion of waste materials and effected their return to 
the system for reprocessing. 


Today, many of Ducon’s maintenance-free Centri- 
fugal Air Washers help transform waste into wallboard. 
Here is another instance in which companies achieve 
greater profits from production economy, aided by 
Ducon installations. Whatever your dust control prob- 
lem, there is a Ducon unit designed to solve it. 

Send today for literature on this and other Ducon 
efficiency-engineered dust collection equipment. 


| 4 Canadian Branch: THE DUCON COMPANY of CANADA, Ltd. 
the name in d U st 275 James Street North, HAMILTON, ONTARIO 


conte 


THE ucon COMPANY 


147 EAST SECOND STREET, MINEOLA, N.Y.-Sales Representatives in Principal Cities 


Designers and Manufacturers of Dust Control Equipment Exclusively 


CYCLONES © CENTRIFUGAL WASH COLLECTORS © TUBULAR CLOTH FILTERS © DUST VALVES 
Vol. 6, No. 2 
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The responsibility of the state does 
not stop with the relaxation of legab 
limitations or enactment of facilitating 
legislation. The state has an obligation 
to provide active leadership in the solu- 
tion of metropolitan problems. This 
might begin with establishment of a 
temporary state commission to deter- 
mine the need for and the nature of 
appropriate state action. States already 
provide various kinds of guidance and 
technical assistance to local authorities. 
States should consider expansion of such 
activities, including continuous research 
and information concerning metropolitan 
problems and intergovernmental relation- 
ships. For this purpose, the establish- 
ment of a state department of local 
government or urban affairs is worthy 
of consideration. 

One of the most important needs in 
any metropolitan area is some form of 
over-all metropolitan planning. The 
method of organizing and the extent of 
such planning must be fitted to each 
area, but the state can play an important 
role by means of technical assistance. 
While the state has primary respon- 


sibility for local, and consequently for 
metropolitan government, the federal 
government also. has a role in the solu- 
tion of metropolitan problems. More ef- 
fective coordination of the presently dis- 
persed activities of the federal govern- 
ment within and affecting metropolitan 
areas would make it easier for state and 
local governments to deal with metro- 
politan problems in area-wide terms. 

A sense of community is essential to 
success of metropolitan government, 
however organized. Citizens and officials 
must learn to think and act in terms of 
their responsibility to the whole area as 
well as to any smaller community within 
it to which they may belong. 

This need places a great responsibility 
on all organizations and groups, official 
or unofficial, interested in metropolitan 
government. It calls upon them to spon- 
sor and promote a many-sided program 
of research, education and action, de- 
signed to clarify the essential nature of 
the relationships of the individual to the 
communities in which he lives and moves, 
and implications of these relationships 
for government. 


Many suggestions for basic and operafiliysiness 
tional research were made and recordedMMivic, pc 
These suggestions will be analyzed and 
reported to members of the confereng 
and interested researchers. 


Co 
Participants in this conference fee 
their coming together has substantially This 

enhanced their awareness of metropoli ider an 


tan problems and their sense of member 
ship in their metropolitan communities 
They intend to continue and expand this 
association. They are convinced that 
metropolitan areas are generating the 
most important problems of domestic 
government facing the country tc day. 
These problems challenge our fait! in 
basic democratic principles and test our 
ability to adapt political institutions and 
practices to the rapidly changing require 
ments of modern society. Our hancling 
of them will vitally affect the livability 
of our homes, the health and efficicney 
of our communities, the productivity and 
prosperity of our economy, the sound 
ness of our national defense and the 
general welfare and happiness of our 
people. The search for solutions is uryent 
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AIR POLLUTION CONTROL ASSOCIATION 


ARNOLD Arcu ’58 

Director, Air Pollution Control Dept. 
City of Niagara Falls 

Niagara Falls, New York 


Louis E. Bunts ’57 
Smoke Regulation Engineer 
Akron, Ohio 


R. M. Lanpon ’58 
Fxecutive Assistant 
Gulf Oil Corporation 
Pittsburgh, Pennsylvania 


Rosert L. Cuass ’59 

Chief, Evaluation & Planning Staff 

Air Pollution Control District of 

Los Angeles County 

Los Angeles, California 
Treasurer 


H. C. Davies 
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EvMer P. WHEELER 


Assistant Director, Medical Department 
Monsanto Chemical Company 
St. Louis, Missouri 
W. A. QueBeDEAux 
Director, Stream and Air Pollution Control 


Harris County Health Department 
Houston, Texas 


LEONARD GREENBURG 
Commissioner, Air Pollution Control 
Department of New York City 

New York, New York 


President 


BENJAMIN Linsky 757 
Chief, Smoke Abatement Bureau 
City of Detroit 
Detroit, Michigan 


First Vice President 


Mitton REIZzENSTEIN 58 
Smoke Abatement Engineer 
City of Baltimore 
Baltimore, Maryland 


Vice Presidents 
Harry M. Pier ’58 
Special Assistant 
Research Cottrell, Inc. 
Basking Ridge, New Jersey 

Past President 


H. Kennetu Kucet °56 
Chief Engineer 


Division of Smoke Regulation and Boiler Inspection 


District of Columbia 
Washington, D. C. 


DIRECTORS 


Omaha, Nebraska 
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Hersert H. 
Chief Smoke Regulation Engineer 
Sanitation Commission 


Date H. Hutcuison ’59 
Asst. to the Director of 
Physical Sciences Research 
Stanford Research Institute 
Menlo Park, California 


Basit 
Vice President 

Reynolds Metals Company 
Sheffield, Alabama 


Epoar C. Barn 

Vice President 

United States Steel Corporation 
Pittsburgh, Pennsylvania 

A. A. Casey ’59 

Vice President, Power 

Production and Engineering 

The Cleveland Electric Illuminating Co. 
Cleveland, Ohio 


Juxian Tosey 
President 

Appalachian Coals, Inc. 
Cincinnati, Ohio 


Executive Secretary 
Harry C. BALLMAN 
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business for all levels of government, for 
ivic, political, and professional groups, 
and for all citizens. 

erence 


(4) The primary tunctions of the 
conference should be to serve 
as a cooperating agency for 
groups and organizations con- 
cerned with metropolitan prob- 
lems; to encourage and-coop- 
erate in such research, and to 
prepare and cooperate in the 
preparation of such _publica- 
tions and to hold such national, 
regional and other meetings as 


HEMEON ASSOCIATES 


AIR POLLUTION INVESTINGATION 
DUST AND FUME CONTROL 
INDUSTRIAL VENTILATION 

STACK DUST EMISSION MEASUREMENTS 
PARTICLE SIZE ANALYSIS 
COLLECTOR EFFICIENCY AND 
ACCEPTANCE TESTS 
AERODYNAMIC STACK GAS DISPERSION STUDIES 
WIND TUNNEL MODEL TESTS 
COMMUNITY AIR POLLUTION SURVEYS 
AIR ANALYSIS 


Recommendations of Subcommittee 
Concerning Further Activities 
ntialhygg subcommittee, appointed to con- 
ropolqpider_ and offer recommendations to this 
en ber moonference concerning its further activi- 
1n ties meies, Submits its report as follows: 


nd thi (1) The work done prior to this 
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conference, the discussions that 
have taken place here, and the 
conclusions arrived at by those 
in attendance, indicate a very 
real need for a greater degree 
of cooperation among the or- 
ganizations, agencies, and indi- 
viduals concerned with the 
pressing problems which face 
the metropolitan areas of our 
country. 


The solution of those problems 
by the development of such 
cooperation would be greatly 
advanced by the establishment 


W.C.L. HEMEON, DIRECTOR 


121 MEYRAN AVE., PITTSBURGH 13, PA. 


ference on Metropolitan Prob- 
lems. 

Membership in or affiliation 
with the conference should be 
available to organizations and 
agencies interested and active 
in metropolitan problems; con- 
sideration should be given to 
the creation of a form of mem- 
bership for qualified individuals 
on a basis that will be in accord 
with the purposes of the con- 


may further the objectives of 
the Conference. All of this 
should be done without dupli- 
cation of effort and by the use 
of existing agencies, in so far 
as possible. 

Therefore, this subcommittee recom- 
mends that a committee for the aforesaid 
purpose be chosen in such manner as 
this conference may determine and that 
Frank Moore, who deserves so much 
credit for the success of this conference, 
be requested to serve as chairman of this 
committee and of the continuing con- 


uryent of a Continuing National Con- ference. ference. 


| in use, Southern’s new wet type dust collector 
eliminates 90% of atmospheric dust, while resisting 
heat and acids. 


It all started when we set out to manufacture a light 
weight aggregate for the building industry. Because 
of excessive heat, corrosive and abrasive action, we 
faced a tough atmospheric pollution problem: over 
50,000 c.f.m. of reddish brown stack effluent was escap- 
ing from six stacks. Many dust collectors—including 
a commercial wet type—were tried, but none lasted more 
than a few weeks; none could withstand the heat, acids, 
and corrosion present. Finally Southern experts solved 
the problem with an all-new wet type collector that 
removes approximately 50 tons of dust per day. 


If your plant faces a difficult atmospheric pollution 
problem, it will pay you to get the facts on this new 
collector. Just contact us. We’ll be happy to send a 
representative, or mail the information desired. No 
obligation, of course. 


SOUTHERN LIGHTWEIGHT 
AGGREGATE CORPORATION 


PROCESS ENGINEERING DIVISION, BOX 205 RICHMOND,VA. 


New collector in operation—over 90% of the dust 
in stack effluent eliminated. 
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BURNING... 


IS NOT NECESSARILY INCINERATIO 


What is PROPER incineration? It's the com- necessarily incineration. Just a furnace 


When and where, however, does the design 
of the incinerator start? Not until answers 
noying factors which can put burning into are found to many questions involving such 
the nuisance class. Burning, in itself, is not important factors as: 


a... Are the wastes amenable to incineration? Are they dry? 
Wet? Contaminated? Volatile? Do they have high heat 
content? Are they pumpable? 


b . . . Location of incinerator? Air supply? 

c .. . How will wastes be handled? How charged? 

d .. . Operating schedule? 

e . . . Will surroundings dictate minimum height of stack? 
f .. . Local codes and ordinances? 


Who knows best what factors to ferret out and what answers need to be sought? 
Who knows best how to integrate various influencing factors. Our design and 
construction business for more than sixty-five years has been in this very 
field of waste-disposal through proper incineration. We're known as 
Incineration Specialists. Our long experience is available to you, to 
your engineering consultant and to your architect for the asking 
WITHOUT OBLIGATION. We have competent representa- 
tives in 85 cities in United States and Canada. We'll be 
glad to have the one nearest you call and help you 

get started on your problem. 
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Bothered 
by Smoke 
Control 


This Little STEP 
Could Save You Money 


The step you see is a positive measure- 
ment of the length of time of excessive 


smoke accurate to within 6 seconds. 


This record, combined On The Same 
24-Hour Chart with a continuous 
measurement of Smoke Density, gives 
a complete permanent record of per- 
formance—visual proof, in an unbeat- 
able pair, of your efforts to comply with 
the Air Pollution Control Ordinances. 


Now you can have such a record—and 
at a very moderate cost—with the new 
Bailey Running Time Recorder com- 
bined with the Bailey Smoke Density 


Recorder. 


You owe it to yourself to investigate 
this unique pair, exclusive with Bailey 
and designed to aid you in complying 
with the Smoke Control Requirements 


of your community. p37.2 


BAILEY METER COMPANY 


1082 IVANHOE ROAD 


CLEVELAND 10, OHIO 


INSTRUMENT 
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The industry's 
most experienced 
organization 

in dust, fume and 
fly ash recovery 


Because the Western Precipitation Corporation 
stands alone in its years of continuous 
leadership in the complex science of recovering 
suspensions from industrial gases, Western 


Precipitation installations, quite naturally, are 


recognized throughout the world 


—as near as your telephone! as the best obtainable. . . 


@ Almost a half-century ago— 
in 1907 to be exact—Western 
Precipitation installed the first 
commercial application of the 
now-famous Cottrell Electrical 
Precipitator—and has more 
know-how, more varied experi- 
ence and application back- 
ground in world-wide installa- 
tions in this type of equipment 
than any other organization, 
domestic or foreign. 


@ Many years ago Western 
Precipitation was first again 
with the multiple small-diameter 
tube type of cyclonic collector 
—the type with higher centrifu- 
gal forces for greater recovery 
efficiencies. And through the 
years, Western Precipitation 
engineers have continuously 
led in new advancements, new 
refinements in the mechanical 
recovery field as well as in elec- 
trical recovery methods. 


@ Western Precipitation was 
the first to combine Electrical 
and Mechanical recovery ad- 
vantages in one compact, co- 
ordinated system—the CMP 
(Combination Multiclone—Pre- 
cipitator) Unit. This equipment, 
offering almost constant col- 
lection efficiency despite vary- 
ing gas volume, requires years 
of experience in both electrical 
and mechanical recovery meth- 
ods for proper operating ‘‘bal- 
ance”’. 


.only Western Precipitation has had such 
extensive experience in basic recovery methods ! 


These are only a few of the many important reasons why a Western Precipita- 
tion installation is recognized as the best obtainable. This unequalled know-how 
is quickly available throughout the major industrial areas of the United States 
and Canada from strategically-located, fully-staffed offices and field representa- 
tives, as shown at right. There’s one as near as your telephone. 

So before you finalize any dust, fume or fly ash recovery plans, be sure to find 


: For literature describing Western Precipitation’s 
out the vital extra advantages offered by Western Precipitation Corporation! 


unique background of experience and advance- 
ments, phone, wire or write our nearest office. 


Western Precipitation Corporation 


Designers and Renee = Equipment for Collection of Suspended Material from Gases 
d Equipment for the Process Industries 


Main Offices: 1012 care NINTH STREET, LOS ANGELES 15, CALIFORNIA 
Chrysler Building, New York 17 « 1 North La Salle Street Building, Chicago 2 « Oliver Building, 
Pittsburgh 22 * 3252 Peachtree Road N. E., Atlanta 5 * Hobart Building, San Francisco 4 
Precipitation Company of Canada Ltd., Dominion Square Building, Montreal 
Representatives in all principal cities 
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COTTRELL Electrical Precipitators 
MULTICLONE Mechanical Collectors 
cmP Combination Units 
DUALAIRE Reverse-Jet Filters 
HOLO-FLITE Processors 
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What’s The Air? 


If it's concentration of smoke, haze or hydrogen sulfide, you can measure it twenty-four 
hours a day, automatically at intervals of Y2 hour, 1 hour or 2 hours as desired. 


A.1.S.1. AUTOMATIC SMOKE SAMPLER 


For sampling city atmosphere for determination of smoke 

and haze concentration, the ‘A.I.S.I. Smoke Sampler is 

recommended. It may be employed for two purposes: 

1. To obtain an historical record of smoke concentrations over an 
extended period of time. 

2. To provide data, as part of micromet logical studies, from which 
can be established the source and distribution of smoke and similar 
particulate matter. 


The low cost of the A.I.S.I. Automatic Smoke Sampler 
makes it feasible to locate a large number of them for 
complete coverage of a geographical area, and its quiet- 
ness overcomes any objections to its location in or near 
individual residences. 


HYDROGEN 
SULFIDE SAMPLER 


Designed to provide a device that 
could continuously monitor at- 
mospheres having a house paint 
blackening potential, the Hydro- 
gen Sulfide Sampler is so sensitive 
that it also indicates much lower 
concentrations—as low as one 
part per billion parts of air. 


How To Evaluate Results 


To evaluate the quantity of particulate 
matter deposited on the filter of both 
samplers, Research Appliance manu- 
factures a spot evaluator with which 
the spots are evaluated by measure- 

ments of light transmission. 
Complete information on construc- 
tion, operation and performance details 
of the two samplers and the spot 
evaluator is available without ob- 
ligation. Please write for it 

today. 


RESEARCH APPLIANCE COMPANY 


Route 8 and Craighead Road, Allison Park, Pa. 
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How BUFFALO Can Help You ‘with Your® 
AIR CLEANING Jobs 


— 
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“Buffalo” 
Abso-ption 


Type Washer 


EXAMPLE —a collection efficiency of 99.9% plus, ending a serious nuisance 
_problems in phosphate rock drying operations. 


EXAMPLE — 1000° F. highly corrosive gas effluent made nuisance-free and 


EXAMPLE — tar vapor, lampblack, metallic fumes in concentrates of 5 to 10 grains 
per cu. ft. removed to average of .006 grains per cu. ft. in numerous 
installations. 


non-toxic. 


With the country becoming more and more 
pollution-conscious, industry calls on Engi- 
neers with many “puzzlers” in the way of air- 
cleaning problems. Here at “Buffalo”, with 
over half a century of experience in this field 
—and a wide line of equipment — we are ir 
an excellent position to help. Our files include 
a tremendous variety of problems successfully 
solved, with new information being added 
almost daily. “Buffalo” Engineers are constant. 
ly developing highly specialized equipment fo 
new and specialized problems. 


“Buffalo” Rotary 


VENTILATING 


Gas Scrubber 


WRITE FOR BULLETINS AP-225, 
AP-425, AP-525, 3181-B, and 2424-F. 


HEATING 


AIR CLEANING 
AIR TEMPERING * INDUCED DRAFT * EXHAUSTING 
COOLING * FORCED DRAFT * PRESSURE BLOWING 


“Buffalo” equipment includes Air Washers, 
Hydraulic Scrubbing Towers, Hydro-Volute 
Scrubbers, Rotary Multi-stage Gas Scrubbers, 
Gas Absorbers, Blowers, Exhausters and 
Pumps to solve most any cleaning problem 
you may have — all engineered to the job, for 
highest efficiency and simplest possible main- 
tenance. Call on the “Buffalo” Air Engineer in 
any principal city for sound, helpful recom- 
mendations. 


“Buffalo” Hydraulic 
Scrubbing Tower 
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"Activated Carbon, by its power of adsorption, 
removes vapors and gases from industrial exhausts 
and other air pollutant sources. Carbon adsorption is 
a basic method of pollution control which has wide 


applicability. The technical principles of adsorption 
have been known for fifty years, but improved acti- 
vated carbons and efficient methods of utilization 
have been necessary to make wide use possible. 


"In many cases, carbon adsorption can not only 
eliminate pollutants but recover them in useable or 
salable form. Activated Carbon can be used in com- 
bination with other purification methods to achieve 
maximum removal efficiency at lowest cost. It 
expected that the use of Activated Carbon for this 
purpose will increase and adsorption will take its place 
as a principal method of pollution control." 


Abstract from Paper 56-13, “Air Pollution 
Control by Activated Carbon” Annual Meet- 
ing of Air Pollution Control Association, 
Buffalo, N. Y., May 20-24, 1956. Delivered 
by H. L. Barnebey, Vice President, the Barne- 
bey-Cheney Company, Columbus, Ohio. 
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RESEARCH-COTTRELL 1955 ORDERS 
For 20 Central Station Precipitators® 
Pi UNIT 
ig Appalachian Electric 


8 * Rochester Gas and 


Chicago District 
 Electric Generating Corp. . State Li Line . 


Western 
. Electric Company ...... . West Springfield . 


* Tampa Electric Company ...Gannon ........ 


Potomac Electric 
Power Company ...... ...Potomac River ... 


* Delaware Power & 
Light Company ......... . Indian River ..... 


us Cincinnati Gas & - 


Philadelphia 
Electric Company ...... ...Southwark... 11, 12 


° Commonwealth. 
Edison Company ....... Crawford. 


me ° New England Utility—two precipitators 


Research- 
Cottrell, Inc. 


Main Office and Plant: Bound Brook, New Jersey 
405 Lexington Ave., New York 17, New York 
Grant Building, Pittsburgh 19, Pennsylvania 
228 N. La Salle St., Chicago 1, Illinois 
111 Sutter Bidg., San Francisco 4, California 
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